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ABSTRACT 

We  report  systems  for  network  measurements  at  millimeter-wave  frequencies.  Active 
probes  are  used  for  on-wafer  measurements  to  approximately  150  GHz.  The  active  probes 
incorporate  monolithic  GaAs  mm- wave  network  analysis  circuits  (comprising  a  nonlinear 
transmission  line  stimulus  signal  generator  and  a  directional  sampling  circuit)  and  low- 
loss,  rugged  quartz  coplanar-waveguide  probe  tips.  Wideband  transmitter  and  receiver 
integrated  circuits,  incorporating  nonlinear  transmission  lines  and  sampling  circuits 
interfaced  to  frequency-independent  antennas,  are  used  for  free-space  transmission 
measurements  to  approximately  250  GHz. 


I.  INTRODUCTION 

Power-gain  cutoff  frequencies  of  heterostructure  transistors  have  exceeded  350  GHz 
[1],  enabling  the  demonstration  of  monolithic  amplifiers  and  other  receiver  components  at 
frequencies  as  high  as  120  GHz.  For  circuit  development  at  higher  frequencies,  serving 
applications  in  fiber  and  wireless  communications,  radar,  and  imaging,  improvements  in 
transistor  bandwidth  must  be  accompanied  by  development  of  the  wideband 
instrumentation  used  for  device  modeling  and  for  circuit  evaluation.  Monolithic 
millimeter-wave  integrated  circuits  (MIMICs),  in  particular,  demand  accurate  transistor 
and  passive  element  models  during  the  design  phase,  models  which  cannot  be 
extrapolated  with  great  confidence  from  measurements  at  lower  frequencies. 

Limited  instrumentation  is  a  particularly  pressing  difficulty  in  the  design  of  the  sub- 
mm-wave  mixers  and  frequency  multipliers  used  for  radio  astronomy  and  atmospheric 
remote  sensing.  Device  RF  models  are  frequency  extrapolated  from  DC  measurements 
and  circuit  impedances  usually  cannot  be  measured,  thus  mixers  and  multipliers  are 
empirically  adjusted  using  waveguide  mounts  with  tuning  screws. 

Sampling  oscilloscopes,  network  analyzers,  counters,  and  synthesizers  use  diode 
sampling  bridges  for  signal  measurement  or  frequency  downconversion.  Instrument 
bandwidth  is  limited  by  sampling  circuit  bandwidth,  in  turn  limited  by  the  duration  of  the 
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strobe  pulse  used  to  switch  the  diodes.  Since  1966,  20-30  ps  silicon  step-recovery  diodes 
(SRDs)  have  been  used  for  strobe  pulse  generation,  limiting  sampling  circuit  bandwidth 
to  =20-40  GHz. 

We  have  developed  nonlinear  transmission  line  (NLTL)  pulse  generators  with  over  a 
factor  of  10  shorter  transition  times  than  such  SRDs.  The  pulse  trains  generated  by 
NLTLs  have  significant  spectral  content  to  sub-mm-wave  frequencies.  Using  NLTLs  as 
strobe  pulse  generators,  sampling  circuits  with  millimeter-wave  bandwidths  have  been 
realized.  NLTLs  and  sampling  circuits  are  then  used  as  signal  sources  and  detectors  for  in 
systems  for  on-wafer  and  free-space  mm-wave  network  analysis. 


Figure  1:  NLTL  circuit  diagram,  a),  equivalent 
circuit,  b),  and  layout,  c).  CD  is  the  diode 
capacitance  and  R0  its  series  resistance, 

CL  =  T/Z[  is  the  line  capacitance  and  L  =  ZX  T 
the  line  inductance. 


Figure  2:  SPICE  simulation  of  NLTL  wavefront 
compression  and  shock-wave  formation. 


II.  THE  SHOCK-WAVE  NLTL 

The  NLTL  [2]  (fig.  1)  is  a  high-impedance  transmission  line  periodically  loaded  by 
reverse-biased  Schottky  diodes  acting  as  voltage-variable  capacitors.  The  wave 
propagation  velocity  varies  as  the  inverse  square  root  of  the  total  (diode  plus  transmission 
line)  capacitance  per  unit  length  and  hence  increases  as  the  diode  reverse  bias  voltage  is 
increased. 

Given  a  negative-going  step  function  (wavefront)  input,  the  initial  portions  of  the 
wavefront,  near  zero  volts,  will  propagate  more  slowly  than  the  final,  more  negative, 
portions  of  the  wavefront.  The  wavefront  transition  time  (falltime)  will  progressively 
decrease  with  propagation  distance.  An  asymptotic  (minimum)  compressed  falltime  is 
eventually  reached  (fig.  2)  at  which  the  NLTL  compression  is  balanced  by  various 
bandwidth  limits  in  the  structure.  The  two  dominant  bandwidth  limits  are  the  varactor 
diode  cutoff  frequency  fD  =  1/2 kRdCd  (defined  using  the  average  diode  capacitance 
AQ/AV)  and  the  periodic-line  (Bragg)  cutoff  frequency  fper  =  l/n^L(CD  +  CL).  If  the 
diode  cutoff  frequency  is  dominant,  the  diode  doping  is  uniform,  and  the  wavefront  is  6 
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Volt  amplitude,  the  minimum  compressed  falltime  is  T/min  =  1.4 / fD  .  Advanced  Schottky 
varactor  diodes  attain  2-10  THz  cutoff  frequencies;  with  further  work,  NLTL  transition 
times  may  ultimately  reach  0.2-0.3  ps  (1-1.5  THz  signal  bandwidth). 

Diode  design  for  the  NLTL  is  a  compromise  between  the  objectives  of  high 
compression  rate  (small  die  area,  low  attenuation),  high  diode  cutoff  frequency  (short 
falltimes),  and  reverse  breakdown  voltage.  As  the  diode  dimensions  are  reduced  and  the 
active-layer  doping  increased,  the  cutoff  frequency  increases  but  the  reverse  breakdown 
decreases.  The  larger  capacitance  variation  of  hyperabrupt  varactors  increases  the  NLTL 
compression  rate  (decreasing  the  required  line  length  and  hence  both  the  skin  loss  and  the 
die  area),  but  hyperabrupt  doping  decreases  the  cutoff  frequency  and  the  reverse 
breakdown.  The  required  diode  reverse  breakdown  voltage  is  determined  by  the 
minimum  strobe  NLTL  output  voltage  required  to  drive  a  2-diode  sampling  bridge  (~3-4 
V)  and  by  the  skin-effect  losses  on  the  NLTL.  As  input  voltages  on  current  NLTLs  are 
approximately  2:1  larger  than  the  compressed  output  wavefronts,  approximately  8  V 
reverse  breakdown,  is  required. 


Figure  3:  NLTL -gated  sampling  circuit 


Time,  ps 


Figure  4:  NLTL  output  measured  by  an  NLTL-gated 
sampling  circuit,  both  using  hyperabrupt  diode 
technology.  The  measured  falltime  is  1.8  ps. 


III.  NLTL-GATED  SAMPLING  CIRCUITS 

A  sampling  circuit  (fig.  3)  [2]  consists  of  a  strobe  pulse  generator,  a  diode/resistor 
bridge,  and  a  balun/differentiator.  An  NLTL  compresses  an  input  strobe  signal,  either  a 
step  function  or  a  ~10  GHz  sinewave,  to  picosecond  falltimes.  The  sampling  diodes  are 
gated  by  a  pair  of  symmetric  positive  and  negative  impulses  generated  from  the  strobe 
NLTL  output  using  a  balun  /  differentiator  implemented  using  the  coplanar  strip  (CPS) 
mode  of  the  input  signal  coplanar  waveguide  (CPW).  Coupled  through  series  hold 
capacitors,  the  complementary  strobe  pulses  drive  the  sampling  diodes  into  forward 
conduction.  During  this  period,  the  aperture  time,  the  input  (RF)  signal  partially  charges 
the  hold  capacitors.  If  the  RF  frequency  is  then  offset  by  Af  from  a  multiple  nf0  of  the 
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strobe  frequency  f0,  the  sampled  (IF)  signal  is  mapped  out  at  a  repetition  frequency  Af. 
Sampling  circuit  bandwidth  is  limited  by  the  sampling  diode  capacitance  and  by  the 
aperture  time. 

To  evaluate  the  NLTL  and  sampling  circuit  risetime,  the  output  of  an  NLTL  shock 
generator  is  connected  to  an  on-wafer  NLTL-gated  sampling  circuit.  The  convolved 
responses  of  sampling  circuit  and  NLTL  shock-wave  generator  is  thus  measured.  With  an 
NLTL  using  1.7  THz  exponential  hyperabrupt  diodes  (fig.  4),  a  1.8  ps  falltime  is 
measured.  From  this,  a  1.3  ps  deconvolved  NLTL  falltime  and  a  275  GHz  sampling 
circuit  bandwidth  are  determined;  NLTLs  and  sampling  circuits  with  approximately 
twice  this  bandwidth  will  be  reported  elsewhere  [3]  by  Allen  et.  al. 


III.  NLTL  SOLITON  IMPULSE  COMPRESSORS 

Although  not  employed  in  the  current  NLTL-based  instruments  reported  here, 
variants  of  the  NLTL  employing  soliton  propagation  effects  are  more  efficient  than 
shock-wave  devices  in  the  generation  of  harmonics  of  an  input  signal.  Among  other 
applications,  these  devices  can  be  used  as  the  stimulus  signal  for  network  analysis,  in 
place  of  the  shock-wave  NLTLs  used  in  the  current  work. 

A  solitary  wave  is  a  traveling  wave  having  a  localized  transition  (e.g.  a  pulse)  and 
propagating  without  distortion  in  a  nonlinear,  dispersive  medium.  Solitons  are  defined  as 
those  solitary  waves  which  preserve  their  shape  and  velocity  after  interactions  with  other 
solitons  [4],  The  soliton  is  a  pulse  waveform  for  which  the  effects  of  nonlinearity  and 
dispersion  are  balanced.  If  the  NLTL  Bragg  frequency  is  much  smaller  than  the  diode 
cutoff  frequency  then  propagation  is  dominated  by  the  interaction  between  the  capacitive 
nonlinearity  and  the  periodic-network  dispersion,  and  solitons  propagate  [5].  On  NLTLs, 
soliton  duration  is  inversely  proportional  to  the  Bragg  frequency  and  varies 
approximately  as  the  inverse  square  root  of  the  peak  amplitude.  Soliton  propagation 
velocity  increases  with  increasing  soliton  amplitude.  Applied  to  the  NLTL,  signals  with 
pulse  duration  longer  than  the  duration  of  a  soliton  correspond  to  a  nonlinear 
superposition  of  a  set  of  solitons  having  differing  amplitudes  and  velocities,  and  will 
decompose  into  this  set  of  two  or  more  solitons  during  propagation.  Figure  5  shows  a 
circuit  simulation  of  a  6  V,  63  ps  impulse  splitting  during  propagation  into  a  pair  of 
solitons.  Note  that  the  leading  output  soliton  has  larger  amplitude  and  shorter  duration 
than  the  input  signal. 

A  long-duration  impulse  input  to  an  NLTL  will  decompose  into  its  characteristic  set 
of  solitons.  Longer  input  pulses  decompose  into  progressively  larger  numbers  of 
solitons,  and  impulse  compression  ratios  are  limited  to  approximately  2:1  on  a 
homogeneous  line.  Higher  compression  ratios  can  be  obtained  by  using  step-tapered 
lines,  consisting  of  a  line  with  Bragg  frequency  fperl  cascaded  with  a  line  with  Bragg 
frequency  fper2=2fperl  •  The  first  line  section  performs  a  2:1  pulse  compression,  with  the 
second  line  section  performing  a  further  2:1  compression.  While  higher  compression 
ratios  can  be  obtained  by  repeating  this  scheme  in  a  three-step  or  four-step  fashion,  it  is 
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more  convenient  to  approximate  such  a  step-tapered  line  by  tapering  the  Bragg  frequency 
continuously  [6].  Figure  6  shows  the  output  of  an  exponentially-tapered  soliton  impulse 
compressor. 
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Figure  5:  SPICE  simulation:  splitting  of  an 
input  impulse  into  a  pair  of  solitons  during 
propagation  on  an  NLTL. 


Time  (ps) 


Figure  6:  Measured  output  waveform  and  calculated 
input  waveform  for  a  tapered  soliton  impulse 
compressor 


Experimental  soliton  NLTL  output  pulse  durations  are  =5:1  longer  than  shock-wave 
devices,  although  circuit  simulations  predict  attainable  soliton  durations  only  a  factor  of 
1.5:1  larger  than  shock-wave  NLTL  falltimes  using  similar  diodes.  The  discrepancy  is  not 
understood,  although  there  is  evidence  that  layout  parasitics  reduce  Bragg  frequencies  by 
=2:1.  If  this  discrepancy  can  be  solved,  soliton  compressors  will  be  much  more  effective 
than  shock-wave  NLTLs  for  high-order  mm-wave  frequency  multiplication,  as  the 
conversion  loss  to  the  Nth  harmonic  is  bounded  above  by  1/N  for  the  soliton  compressor, 
compared  to  1/N-5  for  the  shock-wave  device. 


IV.  ON-WAFER  MM-WAVE  NETWORK  ANALYSIS 

Using  shock-wave  NLTLs  and  NLTL-gated  sampling  circuits  mounted  in  active 
wafer  probes,  on-wafer  network  analysis  can  be  performed  at  millimeter-wave 
frequencies.  Figure  7  shows  a  typical  network  analyzer.  A  swept-frequency  stimulus 
signal  generator  drives  the  device  under  test.  The  incident  and  reflected  waves  are 
separated  by  a  directional  coupler,  downconverted  from  microwave  to  radio  frequency  by 
sampling  circuits,  and  subsequently  measured  by  RF  vector  voltmeters.  Bandwidth  limits 
include  the  sampling  circuits  and  the  frequency  range  of  the  stimulus  signal  generator. 
Available  coaxial  connectors  also  limit  bandwidth;  110  GHz  coaxial  connectors  were 
introduced  in  March  1993,  with  earlier  connectors  limited  to  65  GHz. 

We  have  developed  active  probes  [7,8]  (fig.  8)  for  on-wafer  mm-wave  vector 
network  analysis  (VNA).  These  contain  an  NLTL-based  network  analyzer  IC  and  a 
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rugged,  wideband  quartz  probe  tip.  The  IC  itself  incorporates  an  NLTL  stimulus  signal 
generator  and  an  NLTL-strobe  directional  sampling  circuit  which  independently 
measures  the  forward  and  reverse  waves  from  the  device  under  test. 


Figure  7:  Simplified  block  diagram  of  a  typical 
microwave  network  analyzer.  Bandwidth  limits  are 
set  by  the  signal  source  frequency  range,  by  the 
sampling  circuits,  and  by  the  coaxial  connectors. 


Generator  Forward  and  Reverse 

Waves  (Sampled) 

Figure  9:  Block  Diagram  of  the  network  analysis 
integrated  circuit 


Figure  8:  Active  Probe  for  on-wafer  mm-wave 
network  analysis 


Frequency  (GHz) 

Figure  10:  Computed  total  (skin  plus  radiation) 
losses  for  coplanar  waveguide  probe  tips  on  quartz 
and  alumina 


The  network  analyzer  IC  block  diagram  is  shown  in  figure  9.  An  NLTL  stimulus 
signal  generator  converts  a  7-14  GHz  sinusoidal  drive  signal  into  a  5  V  sawtooth 
waveform  with  -2  ps  transition  times  and  with  significant  harmonic  content  to  -250 
GHz.  The  drive  signal  is  attenuated  to  levels  suitable  for  linear  characterization  of 
transistor  circuits,  and  is  passed  through  a  directional  sampling  circuit  to  the  device  under 


The  directional  sampling  circuit  is  a  pair  of  sampling  circuits  measuring  the  port 
voltages  of  a  6  dB  attenuator  placed  between  the  stimulus  signal  generator  and  the  device 
under  test.  A  second  NLTL  on  the  IC  provides  the  strobe  signal  for  the  directional 
sampler.  The  attenuator  port  voltages  Voul  =  Vincidenl  +  Vnflected  and 
Vin  ~  2Vin£idenl  +  Vreflecled  /  2 ,  linear  functions  of  the  incident  and  reflected  voltages,  are 
downconverted  by  the  sampling  circuits  to  a  1  kHz  intermediate  frequency.  The  IF 
signals  are  passed  through  summing  networks  to  recover  Vincidenl  and  Vreflected,  and  are  then 
measured.  We  emphasize  that  the  directional  sampler  does  not  obtain  independent 
measurements  of  the  forward  and  reverse  waves  through  time- separation  of  pulsed 
signals,  as  in  a  time-domain  reflectometer.  Errors  associated  with  time-gating 
(uncorrected  terms  in  source  and  load  reflections,  time  truncation  of  the  long-duration 
impulse  responses  of  narrowband  resonators)  are  therefore  avoided. 

Tips  for  the  active  probe  are  coplanar  waveguide  (CPW)  on  quartz  substrates.  To 
leading  order,  for  a  given  line  impedance,  skin  loss  (in  dB/mm)  varies  as 
=  ^£r  +  l  V7 1 D  while  radiation  loss  varies  as  =  £3/2/3D2  (fig.  10)  [9],  where  er  is  the 
relative  dielectric  constant  of  the  substrate,  /  is  frequency,  and  D  is  the  ground-ground 
spacing  of  the  CPW.  With  appropriate  scaling  of  line  dimensions,  CPW  on  a  quartz 
substrate  (er=3.8)  has  lower  attenuation  than  the  CPW  lines  on  alumina  substrates 
(er=9.8)  used  in  commercial  microwave  probes.  At  200  GHz,  D  =  100  p.m  results  in  a 
minimum  0.6  dB/mm  attenuation  on  quartz.  The  probe  tips  have  plated  nickel  contact 
bumps,  plated  gold  airbridge  ground  straps  for  slot-line  mode  suppression,  and  the  tips 
are  angle-lapped.  The  60  pH  wire-bond  inductance  between  the  probe  tip  and  the  network 
analyzer  IC  is  acceptable  for  200  GHz  measurements.  Because  the  short  quartz  tips  are 
rigid,  the  probes  are  mounted  on  their  arms  using  a  complaint  joint. 

For  mm-wave  measurements,  the  active  probe  stimulus  NLTLs  are  driven  at  7-14 
GHz,  with  the  strobe  NLTL  drive  frequency  offset  by  1  kHz  to  produce  an  IF  at  this 
frequency.  To  measure  device  S-parameters  at  harmonics  of  the  NLTL  drive  frequency, 
harmonics  of  the  IF  signals  are  measured  by  four  vector  voltmeters  (lock-in  amplifiers). 
The  system  is  controlled  by  a  desktop  computer  which  also  performs  line-reflect-match 
calibration  routines. 

Figures  11-14  demonstrate  system  accuracy  and  repeatability  after  calibration  over 
the  10-160  GHz  range.  Transmission  measurements  can  presently  be  made  to  160  GHz, 
but  poor  directivity  prohibits  measurements  of  return  losses  smaller  than  -20  dB  at 
frequencies  below  120  GHz.  System  performance  is  currently  limited  by  several  factors. 
Because  of  a  design  error,  the  airbridges  used  for  probe  tip  slot-line  mode  suppression  are 
capacitively  loading  the  line,  reducing  the  line  impedance  to  25Q  and  introducing  a  160 
GHz  cutoff;  the  reflection  from  the  25 £2  loaded  tip  impedance  seriously  degrades  the 
uncalibrated  directivity.  Synthesizer  phase  noise  is  also  severe,  corresponding  to  a  small 
1°  phase  deviation  at  10  GHz  but  a  large  20°  deviation  at  200  GHz.  These  factors  are  now 
being  addressed. 
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line.  The  deviation  from  0  dB  shows  system 
accuracy. 


Figure  12:  Measured  transmission  phase  of  the  1 
ps  through  line.  The  deviation  from  1  ps  delay 
shows  system  accuracy. 


Figure  13:  Measured  return  loss  of  a  50£2  calibration 
standard.  The  deviation  from  zero  reflection  (-«> 
dB)  shows  system  directivity 


Figure  14:  Measured  transmission  of  a  long 
coplanar  line.  The  deviation  between 
measurements  shows  system  repeatability. 


Figure  15:  Simplified  integrated  circuit  layouts  of  a)  picosecond  transmitter  and  b)  picosecond  receiver  for 

free-space  mm-wave  network  analysis 


synthesizer  (RF) 


synthesizer  (LO) 


Figure  17:  Transmission  of  a  mm-wave  Bragg  filter 

V.  FREE-SPACE  mm- WAVE  NETWORK  ANALYSIS 


Figure  16:  NLTL-based  free-space  network 
analyzer 


We  have  also  constructed  a  system  for  gain-frequency  measurements  in  free-space, 
for  characterization  of  materials  and  radiating  structures  [10].  The  system  generates  and 
detects  picosecond  pulses  and  obtains  frequency  information  through  Fourier 
transformation.  Compared  to  measurement  systems  using  mm-wave  harmonic  multipliers 
and  harmonic  mixers,  the  system  is  simple,  relatively  inexpensive,  and  covers  a  30-250 
GHz  bandwidth  with  a  single  set  of  components. 

For  broadband  transmission  measurements  in  free  space,  the  NLTL  and  sampling 
circuits  must  be  interfaced  to  broadband  antennas.  Scale  invariant  antennas,  including  the 
bow-tie  antenna,  have  frequency-independent  far-field  radiation  patterns,  and  antenna 
impedance.  The  transmitter  NLTL,  fabricated  within  one  electrode  plane,  drives  the  5012 
impedance  antenna,  through  a  coplanar  waveguide  (CPW)  balun  (fig.  15,a).  The  receiver 
is  a  bow-tie  antenna  interfaced  to  an  sampling  circuit  using  a  similar  antenna  feed  (fig. 
15,b).  The  system  is  shown  in  figure  16.  Hyperhemispherical  substrate  lenses  partially 
collimate  the  antenna  radiation,  and  the  radiated  beam  is  collimated  with  off-axis 
parabolic  mirrors.  The  receiver  uses  similar  optics.  To  obtain  accurate  measurements, 
cavity  resonances  between  the  transmitter  and  receiver  are  suppressed  by  placing  5  dB 
attenuators  at  oblique  incidence  on  both  sides  of  the  sample  under  test. 

The  transmitter  NLTL  is  driven  between  7  and  14  GHz,  while  the  sampling  circuit  is 
driven  at  a  frequency  100  Hz  below  the  transmitter  frequency.  The  resulting  sampled  100 
Hz  signal  is  observed  directly  on  an  oscilloscope.  The  received  signal  at  the  sampling 
circuit  output  is  a  pulse  train  with  2.4  ps  risetime.  Transmission  (amplitude  and  phase) 
measurements  are  obtained  by  taking  the  ratio  of  the  received  Fourier  spectrum  with  the 
device  under  test  in  place  with  the  spectrum  of  a  reference  measurement  taken  with  the 
device  under  test  removed.  Fig.  17  shows  a  measurement  of  a  high-Q  Bragg  filter. 
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VI.  CONCLUSIONS 


Nonlinear  transmission  lines  and  NLTL-strobed  monolithic  sampling  circuits  are 
monolithic  solid-state  devices  for  generation  and  measurement  of  electrical  signals  in  the 
picosecond  and  millimeter-wave  regimes.  NLTL  technology  continues  to  improve,  and 
0.3  ps  NLTL  transition  times  and  1  THz  sampling  circuit  bandwidths  appear  to  be 
feasible.  Based  upon  these,  systems  for  sub-mm-wave  on-wafer  and  free-space  network 
measurements  will  evolve.  Robust  network  instrumentation  for  device  characterization 
and  modeling  is  imperative  for  millimeter- wave  and  sub-mm-wave  monolithic  circuit 
design. 
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ABSTRACT 

Over  the  past  few  years  vertical-cavity  surface-emitting  lasers  and  modulators  have 
emerged  as  viable  devices  with  interesting  performance  characteristics.  One  of  their  key  features 
is  that  they  occupy  very  little  substrate  area  as  compared  to  most  optoelectronic  devices.  As  a 
result,  they  also  require  relatively  low  drive  powers.  These  aspects  together  with  their  suitability 
for  wafer-scale  fabrication  and  testing  make  them  appear  suitable  for  low-cost  production  as  well 
as  high  performance. 

In  this  paper  we  shall  review  recent  progress  on  these  devices  with  emphasis  on  the 
vertical-cavity  laser.  Vertical-cavity  lasers  with  cw  powers  exceeding  llOmW,  overall 
efficiencies  exceeding  17%,  operating  temperatures  exceeding  120  C,  and  output  powers 
insensitive  to  temperature  over  ranges  exceeding  60°C  will  be  illustrated.  In  addition,  devices 
have  operated  cw  down  to  diameters  of  2  Jim,  including  a  6  pm  device  that  delivers  nearly  2 
milliwatts  of  single-mode  output  power  with  greater  than  30  dB  of  spurious  mode  suppression. 

In  the  vertical-cavity  modulator  area,  reflective  asymmetric  Fabry-Perot  structures  have 
given  up  to  37  GHz  of  modulation  bandwidth.  Insertion  losses  are  about  3  dB,  and  required 
voltage  swings  for  100:1  modulation  are  ~  ±  2V. 


I.  INTRODUCTION 

Vertical-cavity  surface-emitting  lasers  (VCSELs)  continue  to  improve  and  look  more 
practical  every  year.  Within  the  past  year,  for  example,  there  have  significant  advances  in  three 
different  wavelength  regimes:  visible  (<  0.7  jim)[l],  short-wavelength  near-IR  (0.8  -  1.0  pm)|2- 
6],  and  long-wavelength  near-IR  (1.2  -  1.6  pm)[7-9].  In  the  visible  case,  room-temperature 
pulsed  lasing  to  wavelengths  as  short  as  0.63  Jim  were  demonstrated  for  the  first  time.  In  the 
short-wavelength  near-IR  case,  overall  cw  power  (wall-plug)  efficiencies  have>  approached 
20% [6],  and  power  outputs  can  be  stable  over  temperature  ranges  exceeding  50°C[3,5]  for  a 
constant  current  drive.  In  the  long-wavelength  near-IR  case,  the  first  cool  room  temperature 
(14°C)  cw  devices  were  operated  at  1.3  jim[9]. 

It  fact,  VCSELs  in  the  0.8- 1.0  Jim  range  should  be  expected  to  exceed  the  performance  of 
their  in-plane’ counterparts  in  most  respects.  Reasons  include  the  availability  of  nearly  twice  the 
modal  gain  for  a  given  cavity  fill-factor [10],  the  availability  of  low-loss  epitaxial  mirrors,  the 
relatively  small  volume  of  the  active  region,  and  the  low  numerical  aperature  of  the  output  beam. 
Low-resistance  electrical  pumping  schemes  have  also  recently  been  proven[6,ll].  Wall-plug 
efficiencies  are  already  higher  in  the  low-power  (<  1  mW)  range,  where  many  optical 
interconnect  applications  exist.  Figure  1  illustrates  a  schematic  of  the  layer  stucture  used  in 
many  of  the  UCSB  devices  as  well  as  the  through-the-mirror  pumped  index-guided  structure 
used  in  most  experiments. 
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Figure  1.  (a)  Typical  MBE-grown  layer  structure  and  (b)  structure  of  a  finished  device. 

Asymmetric  Fabry-Perot  reflective  modulators  have  a  very  similar  structure  to  the 
VCSEL  illustrated  above.  However,  the  active  region  is  replaced  by  an  GaAs/ AIGaAs  multiple- 
quantum  well  (MQW)  and  the  top  (input)  mirror  has  a  considerably  lower  reflectance  (~50%) 
relative  to  the  rear  mirror  (which  has  a  reflectance  of  -99%).  At  zero  bias  the  net  reflection  is 
dominated  by  the  back  mirror,  resulting  in  a  value  typically  greater  than  50%.  When  the  device 
is  reverse  biased,  the  resulting  quantum-confined  Stark  shift  increases  the  absorption  in  the 
cavity  until  the  round-trip  loss  equals  the  difference  in  reflectance  between  the  top  and  back 
mirrors.  At  this  point  the  cavity  is  "balanced"  at  resonance,  and  the  net  reflection  falls  to  zero. 
Thus,  the  device  can  function  as  a  variable  mirror  with  high  on/off  contrast  and  relatively  low 
drive  voltage.  Because  the  undoped  MQW  region  is  relatively  thick  (typically  >  0.5  pm),  the 
capacitance  can  be  quite  low  for  devices  with  effective  diameters  -  15-20  pm,  a  size  which  is 
relatively  easy  to  hit  with  simple  focusing  optics.  Thus,  high-speed  operation  is  facilitated. 


n.  RECENT  RESULTS  ON  VCSELS 

A.  AlAs/GaAs  Mirrors 

As  illustrated  in  Fig.  1,  the  specific  VCSELs  to  be  discussed  are  bottom-emitting 
strained-InGaAs  quantum-well  (QW)  index-guided  lasers  grown  using  a  Varian  Gen  II  MBE 
system.  In  initial  devices  the  bottom  mirror  consisted  of  binary  AlAs/GaAs  quarter-wave  layers 
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doped  with  Si.  A  similar  top  AlAs/GaAs  mirror  was  Be  doped.  In  these  structures,  the  doping 
was  lxlO18  cm-3  in  the  bulk  of  the  layers,  but  at  the  interfaces  the  doping  was  linearly  graded 
over  a  180A  region  and  doped  5xl018  cm'3.  The  active  region  consisted  of  0.12pm  Al^Ga^As 
confinement  layers  surrounding  a  gain  region  with  three  80A  Ino.issGao.sisAs  QWs  with  80A 
GaAs  barriers.  The  p-type  mirror  was  capped  with  a  450A  p+  GaAs  contact  layer.  In  these 
structures  the  net  device  voltage  at  threshold  (~l-2  kA/cm2)  due  the  series  resistance  and  the 
accumulated  voltage  drops  at  the  mirror  heterobarriers  amounted  to  3  to  4  V.  In  some  more 
recent  devices  the  A1  content  in  alternate  mirror  layers  is  dropped  to  67%  to  reduce  this  series 
voltage. 

Careful  Reflection  High  Energy  Electron  Diffraction  (RHEED)  studies  were  done  prior  to 
the  growth  to  determine  the  growth  rate.  Photoreflectometry  was  done  on  test  DBR  mirror  stacks 
to  determine  the  relationship  between  the  RHEED  growth  rate  measurements  and  the  optical 
characteristics  of  the  resulting  structure.  Use  of  this  relationship  allows  the  subsequent  SEL 
structures  to  be  grown  with  the  DBR  mirror  stop  band  and  the  cavity  mode  to  be  within  ±0.5%  of 
the  design  wavelength.  Extensive  characterization  of  InGaAs  in-plane  lasers  (IPL)  was  done  to 
characterize  the  emission  wavelength  of  the  active  region  in  relation  to  the  RHEED  growth  rates. 
All  aluminum-containing  alloys  were  achieved  by  use  of  short  period  binary  superlattices,  or 
digital  alloys.  The  mirrors  and  cavity  were  grown  at  a  substrate  temperature  of  600°C,  and  the 
quantum  well  region  was  grown  at  520°C.  Five  second  smoothing  pauses  were  used  on  each 
side  of  the  quantum  wells.  The  entire  structure  was  grown  with  cracked  arsenic,  using  GaAs  and 
AlAs  growth  rates  of  approximately  1  pm/hr.  The  InGaAs  quantum  wells  were  grown  at 
approximately  1.3  pm/hr.  In-plane  broad-area  laser  test  structures  using  a  3-QW  InGaAs  active 
region  grown  at  this  high  rate  showed  threshold  current  densities  as  low  as  160  A/cm2,  indicating 
that  low  growth  rate  during  the  InGaAs  wells  is  not  required  to  get  good  quality  material. 

To  begin  the  fabrication  of  discrete  VCSELs,  Cr/Au/Ni  dots  are  evaporated  onto  the 
semiconductor  substrate.  These  dots  form  the  electrical  connection  to  the  p-side  of  the  VCSELs 
and  provide  added  reflectivity.  The  Ni  forms  the  mask  for  dry-etching.  The  material  is  dry- 
etched  with  chlorine  reactive  ion  etching  (RIE)  down  to  the  active  region,  yielding  straight 
walled  pillars[12].  The  devices  are  isolated  and  larger  contacts  are  made  possible  by  depositing 
SiNx  over  the  entire  substrate  using  plasma  enhanced  chemical  vapor  deposition.  In  order  to 
make  contact  through  the  SiNx,  the  wafer  is  masked  and  holes  are  etched  through  the  SiNx  using 
a  CF4  plasma.  For  small  VCSELs  where  this  alignment  makes  this  impossible  a  self  aligned 
procedure  is  used.  After  depositing  SiNx,  a  planarizing  layer  of  photoresist  is  applied.  Then  the 
photoresist  is  etched  back  using  an  02  plasma  revealing  the  tops  of  the  pillars.  The  SiNx  can 
then  be  removed  using  a  CF4  plasma.  After  striping  the  resist,  Ti/Au  metallization  layers  are 
sputtered  onto  the  SiNx  making  contact  with  the  VCSELs  pillars.  Contacts  for  arrays  or  single 
devices  are  then  formed  by  removing  the  unwanted  metallization.  For  higher-speed  operation,  a 
layer  of  polyimide  is  used  instead  of  the  resist,  and  this  is  left  in  place  following  the  02  etching. 
Devices  have  been  fabricated  with  diameters  ranging  from  less  than  2  pm  to  150  pm.  The 
VCSELs  are  arranged  for  individually  probing  (hundreds  per  wafer)  or  as  1X18  and  4X4 
packagable  arrays. 

Most  data  has  been  taken  by  probing  arrays  of  these  devices  as  etched  onto  the  chip  being 
processed.  For  higher  power  operation  or  to  provide  a  portable  package,  some  devices  have  been 
flip-chip  bonded  onto  submounts  and  placed  into  a  package.  Figure  2  shows  an  example  using  a 
diamond  heat  spreader.  Such  a  structure  has  allowed  cw  output  powers  as  high  as  1 16  mW  from 
a  70  pm  diameter  structure!  13].  Using  40  pm  structures  over  30  mW  has  been  coupled  into 
multimode  fiber[14].  Figure  3  summarizes  these  results. 
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Figure  2.  VCSEL  heatsink  and  bonding  geometry. 


Figure  3.  (a)  Cw  output  power  and  voltage  vs.  dirve  current  from  a  70  pm  diameter  VCSEL  mounted  as  in  Fig.  2. 
(b)  Solid  curve  is  cw  output  from  a  40  |im  diameter  VCSEL  and  dashed  curve  is  the  power  coupled  to  a  multimode 
fiber. 

The  devices  of  Fig.  3  benefited  from  the  use  of  higher  AlGaAs  barriers  surrounding  the 
InGaAs  quantum  wells  as  compared  to  the  initial  work  of  Geels,  et  al[12].  The  change  to  higher 
barriers  derived  from  the  investigation  of  the  temperature  characteristics  of  Geels’  devices. 
Modeling  of  the  behavior  indicated  that  the  major  deficiency  in  the  devices  was  the  low  x-value 
confinement  barriers  around  the  active  region  [15].  The  high  gain  required  for  lasing  in  a  VCSEL 
necessitates  high  carrier  densities  in  the  quantum  wells.  Heating  of  the  active  region,  due  to  the 
resistance  and  heterobarriers  of  the  mirrors,  led  to  high  leakage  currents  over  the  x=0.2  AlxGai- 
xAs  barriers  used  in  the  earlier  design.  Thus,  for  the  devices  of  Fig.  3,  the  x-value  of  the  active 
region  around  the  InGaAs  quantum  wells  was  increased  to  0.5.  Also,  the  doping  at  the  high-field 
interface  of  the  first  four  mirror  periods  was  not  increased  as  it  is  in  the  rest  of  the  mirror 
structure,  so  as  to  reduce  the  free-carrier  loss. 

Smaller  size  VCSELs  measuring  between  8  to  20|im  in  diameter  were  also  fabricated 
from  this  material.  The  lasing  wavelength  was  measured  to  be  997nm.  Wallplug  efficiency  of 
these  devices  is  still  low  (6%),  due  to  the  resistance  inherent  in  the  top,  p-type  mirror  design  used 
in  this  device.  Figure  4  shows  the  L-I  curves  for  the  various  device  diameters.  The  8[im 
diameter  device  is  comparable  in  area  to  the  7p.m  x  7pm  devices  reported  by  Geels,  et  al. 
[12,17],  and  the  power  output  is  nearly  doubled  from  those  devices.  The  lljim  diameter  device 
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is  roughly  the  same  size  as  Geels’  10x10  pm  device,  and  the  power  output  is  78%  higher.  The 
device  operates  CW  up  to  140°C,  with  a  maximum  output  power  at  that  temperature  of  0.2  mW. 


Figure  4.  CW  L-I  curves  for  index  guided  cylindrical 
VCSELs  of  8-15  pm  (in  1  pm  steps),  and  20  pm 
diameter.  The  lasers  exhibit  a  monotonic  increase  in 
power  output  with  diameter.  The  small  ripples  are 
due  to  residual  reflection  from  the  substrate-air 
interface.  This  interface  has  a  simple  AR  coating,  but 
it  retains  a  reflection  of  -0.5%. 


Another  design  change  that  resulted  from  theoretical  investigations  [16]  was  to 
deliberately  offset  the  mode  of  the  cavity  from  the  gain  peak  of  the  quantum  well  active  region. 
Both  the  cavity  mode  and  the  gain  peak  shift  as  the  temperature  of  the  active  region  changes,  but 
while  the  cavity  mode  moves  at  roughly  0.8  A/°C,  the  gain  peak  sweeps  at  3.3  A/°C  [17,18]. 
The  difference  in  the  rates  at  which  the  cavity  mode  and  gain  peak  sweep  with  temperature 
indicated  that  it  would  be  possible  to  create  a  device  which  exhibited  little  threshold  current 
change  with  temperature  by  deliberately  putting  the  peak  gain  of  the  quantum  wells  at  a  higher 
energy  than  the  cavity  mode.  Thus,  as  the  temperature  in  the  active  region  increases,  the  gain 
peak  should  move  into  alignment  with  the  cavity  mode,  resulting  in  efficient  operation  over  a 
large  temperature  range.  Figure  5  shows  the  effect  of  stage  temperature  changes  on  drive  current 
required  to  reach  device  threshold  as  well  as  0.25,  0.5,  0.75,  and  1.0  mW  output  power.  All  of 
the  curves  reach  a  minimum  at  about  45-50°C,  evidence  of  the  deliberate  offset  between  the 
peak-gain  wavelength  of  the  quantum  wells  and  the  cavity  mode  wavelength.  They  are  also 
relatively  flat  over  a  broad  temperature  range.  These  curves  are  direct  evidence  of  the  infinite  To 
effect  expected  in  these  devices. 


Figure  5.  Device  drive  current  as  a  function  of 
temperature  for  an  8  pm  diameter  device.  The  solid 
line  is  the  device  threshold  current,  and  the  dashed 
lines  above  it  are  for  power  outputs  of  0.25, 0.5, 0.75, 
and  1.0  mW.  The  curves  terminate  when  the  device 
can  no  longer  reach  that  power  level. 


At  room  temperature,  the  8  pm  device  exhibits  a  CW  differential  efficiency  of  51%.  This 
increases  linearly  with  device  area,  reaching  66%  for  the  20jim  device  due  to  a  combination  of 
effects  including  increased  overlap  between  the  carrier  distribution  and  the  optical  mode.  It 
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should  be  noted  that  the  CW  efficiency  measurements  are  somewhat  exaggerated  due  to  the  drop 
in  the  threshold  current  with  temperature  between  15  and  40°C.  Effectively,  as  the  device  heats 
during  the  CW  test,  the  threshold  current  drops,  causing  an  increase  in  the  output  power 
observed.  This  exaggerates  the  output  power  at  a  given  current  over  the  equivalent  stage 
temperature  pulsed  measurement,  where  the  stage  temperature  would  more  closely  approximate 
the  junction  temperature. 


B.  AlGaAs/GaAs  and  Parabolicallv  Graded  Mirrors 

A  good  practical  measure  of  laser  performance  is  the  power-conversion,  or  wall-plug, 
efficiency,  defined  as  optical  power  out  divided  by  electrical  power  in.  High  efficiency  operation 
is  particularly  important  for  VCSELs  to  limit  the  amount  of  heating  caused  by  wasted  power. 
The  performance  of  the  structures  discussed  above  is  seriously  limited  by  the  voltage  drop  and 
the  corresponding  heating  caused  by  the  top  p-type  AlAs/GaAs  DBR  mirror.  The  high  resistance 
of  the  AlAs/GaAs  mirror  stack  is  mainly  due  to  the  high  energy  barriers  between  the  GaAs  and 
AlAs. 


Using  Alo.67Gao.33As  instead  of  AlAs[19]  lowers  the  voltage  barrier  at  each  interface  so 
that,  at  equal  optical  reflectivity,  the  overall  resistance  of  an  Alo.67Gao.33As/GaAs  mirror  (30 
periods)  is  about  half  that  of  an  AlAs/GaAs  stack  (18  periods),  even  though  more  mirror  periods 
are  necessary  to  achieve  the  same  reflectance.  Also,  we  have  explored  the  use  of  grading  the 
composition  parabolically  at  the  mirror  interfaces[6,20].  If  this  is  combined  with  a  non-uniform 
doping,  the  valence  band  can  be  made  nearly  flat  through  the  mirror  heterobarriers. 

Figure  6  shows  a  comparison  of  five  different  MBE  grown  wafers  that  were  processed 
into  VCSELs  as  shown  in  Fig.  1.  Both  AlAs/GaAs  and  Alo.67Gao.33As/GaAs  p-type  DBRs,  and 
both  linear  and  parabolic  interface  grades  are  considered.  Also,  the  different  offsets  between  the 
mode  and  the  gain  peak  at  room  temperature  are  labeled.  The  AlGaAs/GaAs  samples  have 
slightly  lower  differential  efficiencies  (due  to  extra  free-carrier  loss  in  the  thicker  DBR  mirrors) 
but  the  reduced  heating  allows  for  higher  powers  before  the  characteristic  rolls  over.  Note  that 
the  samples  with  a  larger  gain  peak  to  mode  offset  generate  higher  CW  output  powers  due  to  the 
better  operation  at  elevated  junction  temperatures  caused  by  self  heating.  However,  the  gain 
offset  does  give  a  slight  threshold  penalty. 


Current  (mA) 


Figure  6.  Comparison  of  both  previously  reported  and  recently  modified  VCSEL  structures.  CW  output  power  vs. 
current  characteristic  demonstrating  higher  power  levels  for  gain  offset,  parabolic  grading,  and 
Alo.67Gao.33As/GaAs  DBR  mirrors,  with  the  best  results  obtained  by  using  a  combination  of  all  three. 
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The  real  advantage  of  implementing  Alo.67Gao.33As/GaAs  p-type  DBR  mirrors  can  be 
seen  from  Fig.  7.  As  can  be  seen  in  part  (b)  the  threshold  voltages  of  all  sizes  through  40  pm 
occur  well  below  2  V,  and  the  bias  voltage  remains  below  3.5  Volts  over  the  entire  ranges  of 
operation.  This  indicates  that  much  lower  electrical  powers  are  required  and  higher  wall-plug 
efficiencies  can  be  attained.  The  maximum  CW  output  power  for  these  devices  reaches  37.3 
mW  for  a  70  pm  device  and  29.6  mW  for  a  40  pm  device,  which  are  records  for  non  heat-sunk 
VCSELs.  Figure  8  shows  the  peak  wall-plug  efficiencies  for  the  same  devices,  indicating  a 
record  wall-plug  efficiency  of  17.3%  for  a  30pm  device. 


Figure  7.  Comparison  of  characteristics  of  Alo.67Gao.33As/Ga As  parabolically  graded  VCSELs  with  various 
diameters. 


Figure  8.  Power-conversion  (wall-plug)  efficiencies  obtained  for  these  devices  reach  17.3%.  The  gain-offset  VCSEL  exhibits 
higher  wall-plug  efficiencies. 

Finally,  smaller  devices  were  fabricated  as  outlined  above  from  the  same  material  as  for 
Figs.  7  and  8.  As  indicated  in  Fig.  9  the  devices  operate  cw  with  diameters  down  to  2  pm.  Also, 
the  6pm  diameter  VCSEL  demonstrated  2  mW  single-mode  output  power  with  35dB  second- 
order  mode- suppression. 
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Figure  9.  Output  power  vs.  current  for  smaller  devices  from  the  same  materials  as  in  Figs.  7  and  8. 


III.  RECENT  RESULTS  ON  ASYMMETRIC  FABRY-PEROT  MODULATORS 

Asymmetric  Fabry-Perot  modulators  (AFPMs)  could  serve  as  the  optoelectronic  link  in 
high-speed  smart-pixel  interconnection  and  switching  systems.  They  are  interesting  principally 
because  their  surface-normal  configuration  makes  large  arrays  possible  and  their  low  voltage 
swings  facilitate  integration  with  electronics.  We  have  designed  and  fabricated  AFPMs  with 
good  dc  operating  characteristics  (20  dB  contrast,  1.5  dB  insertion  loss)  which  also  are  capable 
of  operating  in  the  mm-wave  regime.  Previously  we  had  demonstrated  large-signal  modulation 
of  these  devices  at  20  GHz  and  predicted  /3dBS  approaching  40  GHz[21].  Here  we  present 
measurements  attesting  that  these  AFPMs  do  indeed  roll  off  at  37  GHz,  a  speed  far  higher  than 
that  of  any  other  transverse  modulators  to  date  [22,23],  and  competitive  with  even  the  fastest 
travelling-wave  modulators.  These  high-speed  AFPMs  should  open  possibilites  of  smart 
interconnection  and  switching  systems  with  extremely  high  aggregate  bit  rates. 

ASFPs  have  much  the  same  structure  as  the  VCSEL  depicted  in  Fig.  1.  However,  the  top 
(output)  mirror  typically  has  a  reflectance  -50%  rather  than  -99%.  From  our  earlier  work[21,24] 
we  have  concluded  that  the  modulation  speed  of  AFPMs  seems  to  be  7?C-limited  (at  optical 
intensities  well  below  the  exciton  saturation  point).  At  higher  optical  intensities,  the  bandwidth 
is  transit- limited  because  of  space-charge  effects  in  the  MQW  material.  To  test  whether  the 
situation  is  the  same  for  large-signal  modulation,  we  designed  a  layer  structure  with  a  wide 
intrinsic  region  which  minimizes  the  device  capacitance  while  maintaining  high-contrast,  low- 
voltage-swing  operation  [25].  Then  16  x  20  mm  diodes  with  low  resistance  (-100  Q)  and 
capacitance  (=25  fF)  were  fabricated.  At  dc,  these  devices  give  20  dB  contrast  and  1.5  dB  (3  dB) 

insertion  loss  for  a  6  V  (4  V)  swing  about  a  12  V  dc  bias  at  X  =  864  nm.  Large-signal,  swept- 
frequency  modulation  of  these  devices  to  20  GHz  was  then  demonstrated  using  a  cw  TUAI2O3 
laser  and  a  high-speed  photoreceiver  [25]. 

More  recently,  a  mode-locked  dye  laser  has  been  used  to  illuminate  the  modulator  with  a 
comb  of  frequencies  separated  by  the  repetition  rate  of  the  laser  (80  MHz)  as  shown  in  Fig.  10. 
The  device  was  then  driven  with  a  large  mm-wave  signal  (up  to  =10  dBm,  corresponding  to  ±  2 
V  at  the  device)  at  a  selection  of  frequencies  between  dc  and  40  GHz,  each  separated  by  10  kHz 
from  one  of  the  laser-generated  comb  frequencies.  The  resulting  IF  signal  is  detected  by  a  low- 
noise,  high-gain  detector  and  fed  to  a  spectrum  analyzer.  As  shown  in  Fig.  11,  the  calibrated 
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response  shows  the  expected  3dB  bandwidth  of  37  GHz  for  equivalent  cw  incident  optical 
powers  less  than  about  100  pW,  and  a  transit-limited  18  GHz  for  higher  optical  intensities.  This 
frequency  response  rivals  even  the  fastest  III-V  [26]  travelling-wave  devices  and  should  make 
possible  extraordinarily  high-aggregate-bandwidth  space-multiplexed  photonic  switching 

systems. 


Figure  10.  Large-signal  40-GHz  measurement  apparatus. 


>  about  100  pW: 
transit-limited 
(18  GHz) 


<  about  100  pW: 
RC-limited 
(37  GHz) 


Figure  11.  Large-signal  measurements  of  16  x  20-mm  modulators  from  2  -  40  GHz  with  integrated  probe  pads  at 
various  optical  power  levels  (approximately  10  pW,  50  pW,  85  pW,  110  pW,  and  3  mW  equivalent  cw  power 
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incident  on  the  device,  respectively).  Solid  curves  show  calculated  roll-off  with  f3(jg  =37  GHz  (RC  limit);  dashed 
curves  are  for  fj^g  =18  GHz  (transit  limit). 
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ABSTRACT 

The  high  frequency  dilemna  (limited  high  frequency  operation  only  possible  with  high  base 
sheet  resistivities)  of  silicon  bipolar  junction  transistors  can  be  overcome  by  the  application  of 
heterostructures.  In  a  first  part  we  give  an  overview  about  the  SiGe  base  heterobipolar-transistor 
(SiGe-HBT)  concept  and  about  the  devices  realized  so  far.  In  the  second  part  we  report  about  our 
SiGe-HBT  device  work  based  on  Si-MBE  grown  structures.  Experimental  results  obtained 
include  transit  frequencies  up  to  100  GHz,  maximum  oscillation  frequencies  up  to  65  GHz,  low 
base  sheet  resistivities  (0.7  kQ/D  to  3  kQ/D),  encouringing  noise  properties  (<  2  dB  at  10  GHz) 
and  successful  tests  in  24  GHz  oscillators. 


I.  INTRODUCTION 


The  silicon  bipolar  junction  transistor  (Si-BJT)  is  limited  in  its  speed  by  the  base  properties 
(lower  limit  for  the  base  width  wg,  upper  limit  for  the  base  doping  Ng).  The  principal  (punch 
through,  tunneling)  and  technological  limits  (doping  fluctuations,  pinch  resistivity)  are  given  in 
Fig.  1  (calculated  for  flat  doping  profiles,  but  similarily  valid  for  general  profiles).  Punchthrough 
of  the  reverse  biased  collector-base  junction  occurs  for  low  base  sheet  dopings: 


2e 


(A>vN—  WrhV  +  V,)- 2.25-10”/ 

e 


m 


(1) 


Ng  »  Nc  base  and  collector  doping,  wg  base  width,  VgQ,  Vj  =  1  V;  voltages  (base  collector 
and  diffusion  voltage,  respectively),  e  (HE10  As/Vm)  dielectric  constant  for  Si,  e  electron  charge. 
The  numerical  values  are  given  for  Nq  =  4.5'lO^cm3,  VgQ  =  3  V.  To  avoid  complete 
punchthrough  the  base  sheet  resistivity  RD  has  to  be  below  (weighted  by  the  mobility  p): 

{Ra  p)  <  2c  e  Nc{VliC  +  V,)  =  400m2  /  A.v  (2) 


The  other  limit  for  the  base  doping  is  given  by  tunneling  of  the  emitter-base  junction  at  roughly 
Ng  =  5-1018/cm3  (Ng  >>  Ng).  The  constraints  from  technological  reasons  may  be  even  stricter. 
Consider  a  thin  base  with  statistically  distributed  acceptors.  Fluctuations  and  local  punchthrough 
may  occur  when  the  number  N  of  acceptors  within  a  cube  of  length  wg  is  to  small.  In  Fig.  1  the 
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Fig.l: 

Base  sheet  resistivity  Rn 
versus  base  width  wg  for 
Si-BJT  with  flat  profiles. 


3  5  10  50 

WB  (nm)  — >- 

limit  for  N  =  Ng  wg-5  =  10  acceptors  is  shown.  Outside  of  the  active  emitter  area  where  the 
emitter-base  junction  is  not  forward  biased  the  space  charge  layer  from  this  junction  may  pinch 
the  connection  between  base  contact  and  inner  base.  The  pinch  resistivity  increases  to  infinity  for 

nbwb2  =  —  v^i^-ioVr1  (3) 

e 

or 

Rn  ix  =  wB  /(2eVd)  =  5- 10"  wtt  (m2  /  As)  (4) 

The  need  for  a  certain  current  gain  (3  which  can  be  fulfilled  only  with  high  emitter  dopings 
Ng  »  Ng  and  the  above  given  base  layer  limitations  set  the  BJT  in  a  unfavorable  position 
compared  to  the  hetero  transistor  (HBT)  with  its  much  larger  freedom  for  the  layer  design. 

II.  SiGe  DOUBLE  HETEROSTRUCTURE  BARRIER 

Many  of  the  design  limitations  of  the  BJT  can  be  solved  by  a  heterojunction  emitter  with  a 
larger  bandgap  than  the  base  material  (band  gap  difference  A  Eg).  The  current  gain  |3  is  increased 
by  a  factor  exp  (A  E0/kT)  allowing  a  highly  doped  base  together  with  a  low  doped  emitter.  The 
tunneling  limit  can  therefore  be  overcome  by  an  emitter  doping  below  S-lO^/cm^,  the  acceptor 
fluctuations  and  the  base  pinching  are  strongly  reduced  by  the  high  base  doping  up  to  lO^O/cm^. 
The  best  choice  of  a  wide  gap  emitter  material  on  Si  would  be  SiC,  but  the  extremely  large  lattice 
mismatch  and  technological  problems  will  shift  a  broad  application  to  an  undefined  future.  Within 
the  past  few  years  the  SiGe/Si  material  system  has  gained  considerable  progress  which  made  the 
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realization  of  a  slightly  different  HBT  concept  attractive.  Instead  of  a  wide  band  gap  emitter  a 
small  band  gap  base  (SiGe)  is  provided  which  results  in  heterostructure  barriers  both  at  the  E-B 
and  the  B-C  interface  (DHBT  double  heterobarrier  bipolar  transistor).  Very  fortunately  the  band 
offsets  of  strained  SiGe  on  Si  (Fig.  2)  meet  the  demands  of  the  n-Si/p-SiGe/n-Si  transistor  nearly 


Fig.  2: 

Typical  band  alignment  for 
strained  SiGe  on  Si 
(unstrained) 


ideally.  The  band  gap  difference  A  Eg  is  mainly  on  the  valence  band  side  (A  Ev  s  A  Eg)  with  near 
flat  band  conditions  on  the  conduction  band  side  (A  Ec  «  A  Eg).  The  bandgap  difference  SiGe/Si 
is  naturally  dependant  on  the  Ge  content  x  of  the  Si]_xGex  alloy  with  A  Eg  about  150  meV  for 
20%  Ge-content.  Compared  to  the  BJT  the  collector  current  Ic  of  the  HBT  is  increased  heavily 


Ic-I~  exp-f -1 

Vj 


(5) 


/  = 


e  Dn  n?  (SiGe) 


(6) 


because  the  intrinsic  carrier  density  nj  is  much  higher  in  SiGe  than  in  Si  (roughly  by  nj^  —  exp 
(A  Eg/kT)).  The  forward  biased  B-E  junction  emitts  electrons  as  excess  minority  carriers  into  the 
base.  On  the  emitter  side  the  electron  density  is  enhanced  by  exp  (VgE^x)  as  shown  in  Fig.  3. 
The  strain  splits  the  sixfold  degenerate  conduction  band  into  twofold  (electrons  flying  perpendi¬ 
cular  to  the  interface)  and  fourfold  (electrons  moving  in  plane)  states.  Also  the  heavy  and  light 
hole  states  are  splitted.  This  significant  change  in  band  structure  and  the  overlap  with  heavy 
doping  effects  prevent  at  the  moment  an  exact  prediction  and  analysis  of  the  currents  although  the 
basic  mechanism  are  now  understood.  Often  data  from  unstrained  material  are  used  which  could 
result  in  uncertainties  of  at  least  a  factor  two. 
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assume  a  linear  relationship  between  Ge  content  x  of  the  alloy  and  the  lattice  mismatch  r| 
(Vegard's  law): 

r]  s  0.042  x  (7) 

For  exact  calculations  the  slight  deviation  [1]  from  Vegard's  law  has  to  be  considered 

r\  =  0.042  x  [1  -0.12(1  -x)]  (8) 

A  lot  of  the  progress  now  made  with  SiGe  and  other  strained  layer  materials  is  based  on  the  fact 
that  with  modern  epitaxy  techniques  (low  temperature  process)  material  with  good  crystal  quality 
can  be  grown  to  much  higher  layer  thicknesses  [2]  than  earlier  predicted  by  equilibrium  theories 
[3].  Equilibrium  theories  predict  strained  layer  growth  up  to  a  critical  thickness  which  is  about 
10  nm  for  Si()  75Ge(j  95  on  Si.  Above  the  critical  thickness  misfit  dislocations  which  are 
undesired  from  the  viewpoint  of  device  physics  let  the  layer  strain  partly  relax.  By  growth  at  low 
temperatures  (e.g.  550  °C)  the  critical  thickness  can  be  increased  to  100  nm  (metastability).  It 
should  be  mentioned  that  the  Si-cap  (emitter)  grown  on  top  of  the  SiGe-layer  further  stabilize  the 
structure. 


III.  DEVICE  REALIZATION 

Within  a  short  time  an  astonishingly  rich  variety  of  technological  solutions  for  the  SiGe- 
HBT  was  developed.  We  try  it  to  classify  by  the  following  scheme  (Tab.  1).  One  criterion  of  the 
cassification  is  if  inversion  of  the  doping  levels  (Ng  >  Ng)  is  obtained  (true  HBT).  Especially 
with  strong  Ge  grading  (low  Ge  content  at  the  B-E  junction)  the  inversion  cannot  be  realized. 
Other  criteria  involved  include  selective  growth,  growth  of  the  complete  structure  in  one  run, 
mesa  type  device  morphology  and  postepitaxial  processing  temperatures. 


26 


1-4 


Table  1:  Technical  SiGe-HBT  solutions.  Provisional  classification  scheme.  See  text. 


Ref. 

Doping 

Inversion 

Selective 

Growth 

One  Epi 
Run 

Planar 

(Non  Mesa) 

Max. 
Process  T 

/4/ 

- 

- 

- 

+ 

conv. 

151 

+ 

- 

- 

+ 

880  °C,  15  s 

16/ 

? 

- 

- 

+ 

800  °C,  10  s 

111 

- 

+ 

- 

+ 

950  °C 

18/ 

+ 

- 

+ 

- 

900  °C 

191 

+ 

- 

+ 

(-/+) 

800  °C 

710/ 

+ 

- 

+ 

- 

With  these  different  approaches  excellent  high  frequency  results  were  obtained  with  fp  ranging 
from  40GHz  to  110  GHz,  with  fmax  up  to  65  GHz.  A  rather  large  spread  is  seen  in  base  sheet 
resistivities  (0.7  kQ/D  -  17  kQ/D)  with  essential  improvements  compared  to  BJT  only  for  layer 
designs  with  doping  level  inversion. 


IV.  MBE  GROWTH  IN  ONE  RUN 

In  the  following  we  report  about  our  own  results  based  on  MBE  grown  material.  The 
complete  active  structure  (collector,  base,  emitter,  emitter  contact)  was  grown  in  one  run.  The 
basic  idea  behind  the  "one  run  concept"  is  to  outbalance  the  additional  efforts  for  the  HBT  by  a 
reduction  of  process  steps.  The  MBE  equipment  [11]  used  (Si-MBE  B)  consists  of  two  UHV- 
chambers  (storage  chamber  with  10  wafer  magazine  and  the  growth  chamber)  both  connected  by 
a  transfer  mechanism. 

Only  subsystems  proven  to  be  necessary  for  the  process  (design  principle  of  highest  simpli¬ 
city)  are  installed  inside  the  growth  chamber.  These  include  the  material  sources  (elemental  Si, 
Ge,  B,  Sb),  the  substrate  heater,  wafer  holder  with  voltage  supply  (for  doping  by  secondary 
implantation  DSI)  and  in  situ  monitoring  instruments  used  for  process  control.  The  growth 
temperature  was  decreased  from  650  °C  at  the  collector  side  to  325  °C  at  the  emitter  contact  side. 
Short  anneals  were  performed  before  (900  °C)  and  after  growth  (600  °C).  The  collector  (130  nm- 
250  nm)  is  Sb-doped  (typ.  2*  10^/cirP),  the  following  SiGe-layer  (20  %  Ge  -  30  %  Ge)  is  highly 
doped  with  B  (typ.  OHO^/cm^)  cladded  by  thin  (1-10  nm)  intrinsic  layers  at  the  interfaces.  The 
70  nm  thick  emitter  is  only  doped  to  2-10^/cm3  (Sb)  followed  by  the  heavily  doped 
(2'1020/cm3,  Sb)  emitter  contact.  The  chemical  profile  and  the  strain  status  of  the  multilayer 
structure  are  investigated  by  SIMS  and  X-ray  diffraction  (XRD). 


V.  HIGH  FREQUENCY  RESULTS 

Mesa  type  test  transistors  (Fig.  4)  for  on  wafer  measurements  were  fabricated  without  any 
additional  medium  or  high  temperature  processes  [12].  Gummel  plot  measurements  in  normal  and 
inverse  direction  were  performed  and  the  ideality  factors  n  of  the  collector  currents  were  very 
carefully  determined.  Parasitic  barriers  at  the  E-B  junction  [13]  as  created  by  outdiffusion  would 
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Fig.  4: 

Scheme  of  the  mesa 
type  HBT 


increase  the  ideality  factor  n  from  1.0  to  up  to  1.1.  Parasitic  barriers  at  the  B-C  junction  can  be 
seen  in  inverse  operation  by  tin  increase  of  the  inverse  ideality  factor  n^jy  It  can  be  shown  that  a 
simple  relationship  exists  between  the  Early  voltage  and  the  inverse  ideality  factor 


v  =  V 

va  vr 


lA-r1. 


(9) 


The  inverse  Early  voltage  and  the  normal  ideality  factor  are  related  in  the  same  way.  In  our 
experiments  we  found  out  that  these  electrical  measurements  are  more  sensitive  to  boron  outdiffu- 
sion  (1-2  nm)  than  SIMS  analysis  (3-5  mil).  Furtheron  it  seems  that  the  SIMS  boron  profile  is 
systematically  shifted  (~  5  nm)  to  higher  depths  (knock  on  effect  of  the  analysing  ions?).  Guided 
by  these  electrical  measurements  we  have  chosen  the  thicknesses  of  the  intrinsic  cladding  layers  to 
be  1-2  nm  (emitter  side)  and  10  nm  -  15  nm  (collector  side),  respectively.  As  a  next  step  we  have 
varied  the  thicknesses  of  the  SiGe  layers  from  50  nm  to  25  nm.  The  associated  decrease  of  the 

base  transit  time  xg 


2D 


(10) 


resulted  in  an  increase  of  the  transit  frequency  fp  (Fig.  5)  from  40  GHz  to  slightly  above 
100  GHz.  Together  with  an  IBM  group  [6]  we  demonstrated  the  operation  of  a  Si-based 
transistor  at  the  100  GHz  region.  In  our  case  this  was  obtained  -  due  to  the  superior  base  sheet 
resistivities  (0.7kQ/D  -  3  kQ/D)  -  with  a  simple  process  and  relaxed  optical  lithography  (1  pm 
emitter  contact  line).  Because  of  the  simple  process  (no  outer  base,  large  collector  area)  the  best 
fmax  values  obtained  with  30  nm  SiGe  layers  are  significantly  below  100  GHz  (best  fmax  = 
65  GHz).  In  spite  of  that  this  fmax  value  is  to  our  knowledge  also  a  record  for  SiGe-HBT's. 


28 


1-4 


Base  Thickness  [nm] 


Fig.  5: 

Transit  frequency  fp 
versus  base  thickness 


(SiGe) 


VI.  OUTLOOK 

Although  we  believe  that  by  further  systematic  layer  design  optimization  (base  doping, 
emitter  thickness,  collector  doping)  die  transit  frequency  can  be  increased  to  130  GHz  -  150  GHz 
the  main  efforts  in  transistor  development  will  shift  to  increase  the  fmax  values  to  at  least  up  to 
fp.  The  need  in  process  technology  is  to  combine  the  simple  process  scheme  with  standard  silicon 
planar  processing  [8].  First  attempts  with  our  epitaxial  material  on  a  production  line  (Telefunken 
microelectronic  -  TEM1C)  confirmed  our  optimistic  view  with  fp  =  40  GHz  tran-sistors. 
Integration  started  with  small  scale  monolithic  circuits  (first  demonstration  of  a  multi-plexer  by 
our  partner  Ruhr  University  Bochum,  H.-U.  Schreiber)  and  hybrid  integrated  microwave 
oscillators  [14]  for  10  GHz  and  24  GHz.  Very  encouraging  noise  measurements  [15,16]  promise 
attractive  HBT  solutions  for  mobile  communication  (1-10  GHz).  The  relaxed  production  require¬ 
ments  (1  pm  lithography)  should  lead  to  an  attractive  economic  perspective  for  SiGe-HBT  IC's. 
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ABSTRACT 

While  numerous  luminescence  effects  have  been  reported  for  Si-based  materials,  with 
few  exceptions  the  efficiencies  have  been  extremely  low.  The  observation  of  strong,  room- 
temperature,  visible  emission  from  porous  Si  has  renewed  interest  in  and  stimulated  research 
on  light  emission  from  column  IV  materials.  This  paper  reviews  some  of  the  accomplishments 
that  may  presage  the  development  of  Si-based  light  emitters. 

I.  INTRODUCTION 

The  realization  of  practical,  low-cost  Si-based  emitters  would  impact  several  key 
technologies  including  optoelectronic  integrated  circuits,  optical  memories  and  logic,  and 
advanced  display  systems.  Several  mechanisms  that  give  rise  to  luminescence  in  column  IV 
materials  have  been  documented.  Electroluminescence  in  bulk  crystalline  Si  was 
observed  many  years  ago  in  forward  [1]  and  reverse  biased  p-n  junctions.  Under 
forward  bias  the  luminescence  arises  from  band-to-band  phonon-assisted 
recombination.  This  weak  emission  (quantum  efficiency  ~  10'4%)  peaks  in  the  near 
infrared.  In  reverse  bias,  near  avalanche  breakdown,  the  luminescence  is  visible, 
the  efficiency  is  poor,  and  its  origin  is  still  the  subject  of  controversy.  Numerous 
techniques  have  been  used  to  improve  the  luminescence  efficiency  column  IV 
materials.  These  approaches  can  be  broadly  categorized  as  (1)  elimination  of 
crystallinity,  (2)  introduction  of  defects,  or  (3)  the  creation  of  nanostructures.  Some 
of  the  non  crystalline  materials  such  as  polysilanes  [3],  hydrogenated  amorphous  Si 
[4,5],  and  siloxene  [6,7]  have  yielded  efficient  luminescence  but  at  the  price  of  good 
electrical  transport  and  thermal  stability.  The  motivation  for  introducing  defects  is 
to  confine  carriers  in  coordinate  space  which  creates  dispersion  in  momentum  space 
thereby  enhancing  no-phonon  recombination.  Some  success  has  been  achieved  with 
isoelectronic  isolated  impurities  and  impurity  complexes  and  with  rare  earth 
transition  metal  impurities.  A  large  number  of  isoelectronic  traps  have  been 
identified  in  Si  and  some,  such  as  carbon,  have  exhibited  efficient  luminescence  at 
77K  but  in  all  cases  the  luminescence  is  negligible  at  room  temperature  [8].  The 
most  successful  rare  earth  ion  has  been  Er  [9,10].  An  electroluminescence  efficiency 
of  0.05%  was  achieved  at  77K  but  the  relatively  low  solubility  of  Er  in  Si  combined 
with  the  low  radiative  transition  probability  place  severe  constraints  on  this 
approach  [11].  Si-based  nanostructures  have  also  been  the  subject  of  many  diverse 
research  efforts.  This  approach  is  reminiscent  of  bandstructure  engineering  in  III-V 
compounds.  Micro-crystalline  structures  [12-17]  and  Sii-xGex/Si  quantum  wells  [18-23] 
have  shown  potential  but  have  not  achieved  the  necessary  efficiencies  at  room 
temperature.  Recently,  however,  porous  Si  has  exhibited  efficient  visible,  room  temperature 
photoluminescence  (PL)  [24],  Electroluminescence  has  also  been  reported  [25-27],  but,  to  date, 
efficiencies  have  been  well  below  the  PL  results  and  the  primary  research  thrust  has  been 
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the  identification  of  the  physical  mechanisms  responsible  for  the  luminescence.  In  this  paper 
we  review  some  of  the  recent  work  on  Si-based  nanostructures. 

II.  NANOSTRUCTURES 

Several  column  IV  nanostructures  have  exhibited  luminescence.  In  one  of  the 
first  reports  of  quantum  size  effects  in  a  Si  structure,  Dimaria  et  al.  [15]  showed 
that  under  certain  fabrication  conditions  off  stiochiometric  Si02  contained  small  Si 
islands  or  microcrystals  of  average  diameter  ~  20A  in  a  matrix  of  Si02 .  These 
microcrystals  exhibited  characteristics  consistent  with  three  dimensional  quantum 
confinement.  It  should  be  noted  that  the  authors  also  postulated  that  the 
luminescence  might  originate  at  the  interface  between  the  Si  microcrystals  and  the 
SiC>2  host  material.  More  recently,  Takagi  et.  al.  [16]  showed  that  the  dimensions  of 
the  suspended  Si  islands  in  SiC>2  can  be  controlled  through  the  time  and 
temperature  of  a  post  oxidation  process.  Consistent  with  the  quantum  confinement 
model,  a  reduction  in  the  size  of  the  crystallites  caused  the  photoluminescence  to 
shift  to  higher  energies.  Similar  behavior  for  Ge  microcrystals  in  Si02  has  been 
reported  [14].  The  samples  were  fabricated  by  co-sputtering  Ge  and  SiC>2.  A  post 
annealing  step  resulted  in  the  formation  of  Ge  microcrystals  and  the  onset  of 
photoluminescence.  In  each  of  the  cases  of  microcrystals  in  SiC>2  the  quantum 

efficiency  was  ~  10‘3  to  10 -4%.  ...  ,  , 

Higher  photoluminescence  efficiencies  have  been  achieved  with  hydrogen 
terminated  microcrystals.  These  small  Si  crystallites  have  been  produced  by 
decomposition  of  SiH4  and  H2  with  a  microwave  plasma  [16],  rf  sputtering  in  a 
hydrogen  gas  [12],  and  eximer  laser  photolysis  of  disilane  (Si2H6)  [17].  These 
diverse  fabrication  techniques  yield  structures  consisting  of  nanometer-scale 
crystalline  Si  cores  with  H  termination  at  the  surface,  possibly  in  the  form  (SiH2)n- 
Furukawa  et  al.  [12]  observed  visible  photoluminescnece  from  Si  microcrystals  that 
were  fabricated  by  low-temperature  sputtering  in  H.  Using  Fourier  transform 
infrared  spectroscopy  to  determine  the  H  content  and  optical  transmission  to 
measure  the  absorption  coefficient,  they  showed  that  the  optical  bandgap  increased 
with  H  content.  They  concluded  that  the  luminescence  originiated  in  "...  small 
crystalline  silicon  particles  surrounded  by  hydrogen  atoms,  which  are  bonded  in  the 
dihydride  form.”  Heath  and  Jasinski  [17]  have  produced  similar  hydrogen- 
terminated  Si  “balls”  using  eximer  laser  photolysis  of  disilane.  It  is  also  worth 
noting  that  the  wavelength  of  the  PL  peak  for  these  particles  was  not  a  function  of 
size  but  rather  of  crystallinity  .  It  is  well  known  that  H  a:Si  luminescences  in  the 
near  infrared  and  the  visible.  Wollford  et  al.  [3]  showed  that  the  optical  gap 
increases  with  increasing  H  content  and  that  the  higher  hydrogen  levels  also  have 
the  fewest  dangling  bonds.  Collectively,  these  results  have  raised  several  issues 
regarding  the  role  of  H  in  the  luminescence  process,  i.e.,  does  H  simply  provide  an 
excellent  passivation  to  the  microcrystals  thus  reducing  nonradiative  surface 
recombination  or  does  it  play  a  more  active  role  in  altering  transition  levels. 

Compared  to  the  structures  discussed  above,  quantum-well  devices  have  the 
advantages  of  uniformity,  flexibility,  and  more  control  over  dimensions.  It  has  been 
suggested  that  efficient,  direct  bandgap  recombination  could  be  achieved  with  zone- 
folded,  short-period  Sii-xGex/Si  superlattices  [28].  To  date,  however,  all 
experimental  evidence  for  direct  bandgap  behavior  has  been  from  material  with 
high  dislocation  densities  which  have  known  luminescence  properties.  Other  effects 


1-6 


33 


including  bound  and  free  exciton  recombination  and  no-phonon  emission  give  rise  to 
luminescence  in  strained  Sii-xGex/Si  quantum  wells.  Terashima  et  al.  [29]  first 
reported  photoluminescence  from  exciton  recombination  in  strained  Si  l-xGex  (x  = 
0.042)  films  grown  by  MBE.  This  was  extended  to  x  =  0.2  by  Sturm  et  al.  [30]  using 
quantum  wells  and  superlattices  grown  by  rapid  thermal  chemical  vapor  deposition. 
Internal  PL  quantum  efficiencies  as  high  as  31%  have  been  achieved  at  4  K  from 
strained  layers  grown  at  400  °C  by  MBE  and  subsequently  annealed  at  600  °C  [31]. 
Recently,  Mi  et  al.  [32]  have  achieved  room-temperature  electroluminescence  at  1.3 
)im  and  1.5  pm  from  strained  Sii-xGex  quantum  wells.  The  internal  quantum 

efficiency  at  1.3  pm  was  estimated  to  be  >  2x10"^. 

III.  POROUS  SILICON 

There  is  still  a  great  deal  of  uncertainty  regarding  the  origin  of  the 
luminescence  from  porous  Si.  The  emission  was  initially  modeled  as  two- 
dimensional  confinement  in  quantum  wire-like  structures  of  highly  porous, 
electrochemically  etched  Si.  There  has  been  substantial  support  for  this 
interpretation.  The  quantum  size  effect  accounts  for  the  observed  increases  in  the 
optical  transition  energies  (~  0.5  to  1.0  eV)  relative  to  the  bandgap  of  Si  and  the  fact 
that  the  peak  of  the  emission  spectrum  shifts  to  shorter  wavelengths  as  the  feature 
sizes  are  reduced  by  chemical  dissolution  [33].  These  luminescence  characteristics 
require  confinement  in  3  to  5  nm  microstructures.  Transmission  electron  microscopy 
(TEM)  [34,35],  Raman  spectroscopy  [36],  and  X-ray  diffraction  measurements  [37] 
have  confirmed  the  presence  of  Si-crystallites  with  these  dimensions.  This  model 
also  appears  to  explain  the  wavelength  dependence  of  the  luminescence  lifetime 
after  pulse  excitation  [38].  Finally,  Halimaoui  et  al.  [39]  have  shown  that 
electroluminescence  is  obtained  during  anodic  oxidation  of  porous  Si  and  that  the 
peak  wavelength  decreases  with  oxidation  time.  This  was  explained  in  terms  of  a 
progressive  reduction  in  the  sizes  of  the  silicon  crystallites.  The  efficiency  of  the 
electro-oxidized  luminescence  is  estimated  to  be  as  high  as  3%.  [40] 

While  the  quantum  confinement  model  has  successfully  accounted  for  many 
of  the  luminescence  characteristics  of  porous  silicon,  there  are  also  difficulties. 
Brandt  et  al.  [6]  have  pointed  out  that  the  density  of  silicon  crystallites  of  the 
correct  size  to  account  for  visible  luminescence  is  not  sufficient  to  yield  efficiencies 
in  excess  of  1%  and  that  the  size  distribution  is  inconsistent  with  the  PL  spectral 
width  (~  0.3  eV).  There  is  some  inconsistency  in  reports  of  the  low-temperature 
behavior  of  the  PL  spectra,  but  it  appears  that  the  anticipated  blue-shift  with 
decreasing  temperature  is  absent  [7,41],  It  is  also  somewhat  surprising  that  porous 
silicon  fabricated  under  a  wide  range  of  etching  conditions  would  produce  such 
similar  luminescence. 

Other  hypotheses  for  the  luminescence  of  porous  Si  include  (1)  the  formation 
of  wide-bandgap  material  such  as  a-SiHx  or  siloxene  or  (2)  recombination  through 
boundry  layer  states.  There  have  been  reports  of  TEM  and  Raman  spectroscopy  that 
reveal  amorphous  regions  in  the  porous  silicon  layers  [35,42,43].  It  has  been 
suggested  that  the  luminescence  originates  in  these  amorphous  regions  [43,44]  since 
it  has  previously  been  shown  that  thin,  amorphous  polysilane  films  grown  by 
homogeneous  chemical  vapor  deposition  exhibit  efficient  (>1%),  room-temperature 
photoluminescence  [9]  and  the  surface  of  porous  silicon  is  known  to  be  terminated 
with  hydrogen  in  the  form  of  SiH  and  SiH2  [45].  For  this  model  the  specific 
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mechanism  responsible  for  the  luminescence  has  not  been  identified  but  it  might 
involve  hydrogen-terminated  silicon  clusters  with  polysilane  bridges. 

A  somewhat  related  model  involves  the  formation  of  siloxene  compounds  on 
the  surface  of  the  sponge-like  Si  skeleton  of  the  porous  regions  [15,16].  The 
crystalline  structure  of  siloxene  (Si6C>3H6)  consists  of  six-fold  Si  rings  which  are 
interconnected  by  oxygen  bridges  to  form  a  planar  arrangement.  Siloxene  is  the  only 
Si-based  compound  that  has  a  luminescence  efficiency  (~  10%)  as  high  as  that  of 
porous  Si.  Intense  blue,  green,  and  red  luminescence  has  been  demonstrated  in 
siloxene  layers  grown  on  Si  substrates.  The  PL,  Raman,  and  IR  spectra  of  siloxene 
are  remarkably  similar  to  that  of  porous  Si.  In  addition,  siloxene  exhibits 
photoenhanced  degradation  and  thermal  quenching  for  T  >  300  °C  similar  to  that 
observed  in  porous  Si  [46,47].  Specific  details  regarding  how  siloxene  derivatives  are 
formed  during  the  anodization  process  have  not  been  resolved.  Of  particular  concern 
is  the  fact  that  the  surface  of  as-anodized  porous  Si  appears  to  be  free  of  O.  Also,  it 
has  not  been  demonstrated  that  siloxene  can  be  fabricated  electrochemically. 

Both  the  polysilane  model  and  siloxene  appear  to  be  inconsistent  with 
thermal  annealing  studies  of  the  PL  intensity.  It  has  been  shown  that  the  PL  is 
quenched  for  annealing  temperatures  >  300  °C  and  that  the  decrease  in 
luminescence  is  attributable  to  the  desorption  of  H  from  the  surface  [46].  Recently, 
however,  Petrova- Koch  et  al.  [48],  have  shown  that  the  luminescence  can  be 
recovered  for  annealing  temperatures  in  the  range  700  °C  to  1000  °C  in  an  O 
atmosphere.  The  decrease  in  the  H  passivation  near  300  °C  coincides  with  an 
increase  in  the  electron  spin  resonance  signal  which  then  vanishes  at  the  higher 
temperatures  where  oxidation  occurs.  The  picture  that  emerges  is  that  the  surface 
of  the  as-prepared  material  is  passivated  with  H  which  results  in  a  very  low  surface 
recombination  velocity.  As  the  H  is  thermally  desorbed,  the  number  of  dangling 


Figure  1.  Surface-state  model  for  luminescence  in  porous  Si.  Recombination  can  occur  (1)  between  a 
photo-excited  pair  for  which  the  emission  energy  is  Eq,  (2)  after  localization  of  either  the  electron  or 
hole  (E  i),  or  (3)  between  a  bound  hole  and  a  bound  electron. 
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bonds  increases  nonradiative  recombination  via  defects  and  causes  the  PL  intensity 
to  drop.  At  the  higher  temperatures  0  passivation  of  the  Si  cores  restores  the 
efficiency  of  the  radiative  processes.  Infrared  spectroscopy  of  the  oxidized  samples 
shows  a  complete  absence  of  H. 

Recently,  Koch  et  al.  [49]  have  proposed  a  model  in  which  absorption  occurs 
in  the  core  of  the  Si  nanometer-crystallites  and  recombination  proceeds  through 
lower  energy  states  at  the  disordered  surface.  This  model  is  illustrated  in  Fig.  1. 
Owing  to  the  nanostructure  features  of  porous  the  absorption  edge  is  blue  shifted 
relative  to  bulk  Si.  The  surface  states  or  boundary  traps  are  postulated  to  result 
relaxation  and  reconfiguration  of  the  outermost  atoms  of  the  clusters.  These  surface 
experience  changes  in  bond  lengths  and  angles.  Recombination  can  occur  between 
the  photogenerated  electrons  and  holes  in  within  the  crystalline  regions.  It  has  been 
shown  that  this  is  not  a  strong  recombination  mechanism  however  because  the 
transitions  retain  their  indirect  characteristics.  A  more  probable  recombination 
channel  involves  a  free  electron  or  hole  and  a  bound  earner  at  the  surface.  The  third 
mechanism,  between  bound  electrons  and  holes,  is  not  favored  because  of  the  weak 
overlap  of  wavefunctions.  This  representation  is  consistent  with  the  size-related 
blue  shifts  in  the  PL  spectra  and  also  explains  the  fact  that  the  PL  peak  occurs 
approximately  400  meV  below  the  fundamental  absorption  edge  of  porous  Si  [50], 
This  model  accounts  for  most  of  the  observed  size-  and  structure-related 
characteristics  and  accents  the  prominant  role  of  surface  chemistry  in  the 
luminescence  process. 


500  600  700  800 

Wavelength  (nm) 

Figure  2  Photoluminescence  spectra  of  p-type  Si:  (a)  as-anodized  sample  after  immersion  in 
H20:acetic  acid:49%  HF=2:1:1,  (b)  blown  dry,  (c)  immerse  in  H20:acetic  acid:49%  HF=2:1:1, 
and  (d)  blown  dry. 

The  importance  of  surface  chemistry  has  been  underscored  by  evidence  that 
the  luminescence  peak  can  be  significantly  altered  by  changing  the  composition  of 
the  electrolyte  in  which  the  samples  are  immersed.  Using  this  approach  the 
emission  has  been  repeatedly  cycled  (>  100  times)  between  green  and  red  [51],  It  has 
also  been  shown  that  the  luminescence  changes  when  the  samples  are  withdrawn 
from  solution.  Figure  2(a)  shows  the  green  luminescence  from  an  as-anodized 
sample.  The  high-energy  portion  of  this  spectrum  is  truncated  somewhat  owing  to 
the  presence  of  a  long-pass  filter  that  was  used  to  block  the  laser  light.  After  the 
samples  were  dipped  into  DI  water  and  blown  dry  with  nitrogen,  the  PL  changed 
from  green  to  red  (Fig. 2(b)).  However,  returning  the  samples  to  a  2:1:1  solution  of 
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water  49%  HF  and  acetic  acid  resulted  in  green  luminescence  immediately 
(Fig. 2(c)).  Finally,  when  the  sample  was  again  blown  dry  in  air  the  spectrum  shitted 
back  to  the  red  (Fig.2(d)).  In  related  work  Muller  et  al.  [52]  have  observed  that  the 
PL  peak  can  be  timed  and  shifted  by  chemical  reactions  catalyzed  by  the  presence  of 

^  The  excitement  over  the  efficient  luminescnece  from  porous  Si  has  been 
primarily  due  to  the  expectation  that  it  might  be  the  precursor  for  the  integration  of 
optoelectronic  devices  with  conventional  electronics  on  Si  chips. 
Electroluminescence  has  been  reported  using  indium  tin  oxide  [25]  and  Au  L26J  films 
on  p-type  porous  Si  layers.  Both  of  these  devices  rely  on  the  injection  of  high  energy 
carriers  into  the  porous  region.  Bassous  et  al.  [27]  have  reported  emission  from 
anodized  p-n  junctions.  These  devices  had  turn-on  voltages  less  than  1  V  and  the 
optical  output  varied  linearly  with  input  current.  Recently,  Steiner  et  al.  L53J  have 
achieved  an  increase  in  the  quantum  efficiency  (10  to  lOOx)  using  a  structure 
consisting  of  a  nanoporous  light-emitting  n  layer  sandwiched  between  a  mesoporous 
p+-doped  cap  layer  and  a  macroporous  n-type  layer.  This  configuration  has  efficient 
carrier  injection  into  the  nanoporous  recombination  and  good  current-voltage 
characteristics.  The  emission  is  red-orange  light  with  a  spectrum  very  close  to  the 
PL  spectrum.  Optimization  of  this  type  of  structure  may  lead  to  even  higher 
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Photodetectors  have  also  been  fabricated  from  porous  Si.  A  porous  Si 
Schottky  barrier  photodiode  with  a  quantum  efficiency  of  97%  and  a  response  time 
of  2  ns  has  been  reported  by  Zheng  et  al.  [54]  and  Yu  et  al.  [55]  have  fabricated  a 
porous  Si  MSM  photoconductor  with  a  responsivity  of  0.5  AAV .  At  present  there  are 
two  factors  that  could  severely  restrict  the  utility  of  porous  Si  for  device 
applications.  The  first  is  that  aging  under  ambient  conditions  changes  the 
luminescence  characteristics  and  the  other  is  that  the  porous  region  can  be  damaged 
during  fabrication.  For  example,  it  etches  rapidly  in  photoresist  developer.  I  sai  et 
al.  [56]  have  shown  that  rapid-thermal-oxidized  porous  Si  is  stable  and  can 
withstand  conventional  processing  procedures.  They  have  used  the  oxidized  wafers 
to  fabricate  a  photodiode  with  a  quantum  efficiency  of  75%  at  740  nm.  In  addition, 
these  devices  appear  to  have  an  enhanced  UV  response  relative  to  bulk  Si 
photodiodes. 


IV.  CONCLUSIONS 

Luminescence  from  several  Si-based  structures  has  been  reported.  While 
most  of  the  work  to  date  has  concentrated  on  fundamental  materials  issues,  the 
potential  for  device  applications  is  exciting  and  should  stimulate  further  research. 
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Abstract 

The  results  of  experimental  study  and  design  criteria  of  high  efficiency  power  heterojunction 
bipolar  transistors  (HBTs)  are  reported  and  discussed.  Self- aligned  Npn  HBTs  fabricated  by 
dry  process  technology  have  shown  excellent  device  characteristics  with  low  collector  offset 
voltage  (  <  150  mV)  and  low  knee  voltage  (<  0.7  V),  and  excellent  high-frequency  responses 
well  into  the  millimeter-wave  range.  The  FET-like  device  topology  provides  a  means  to 
preserve  the  power  gain  in  device  scaling  for  large  emitter  area.  At  X-band  (10  GHz),  an  8-cell 
common-base  (CB)  power  transistor  with  emitter  area  of  240  pm2  demonstrated  17.2  -17.5  dB 
gain.  The  12-cell  (360  pm2)  common-emitter  (CE)  HBTs  with  a  breakdown  voltage  (BVceo) 
of  11V  delivered  0.53W  output  power  with  57%  power  added  efficiency  (P.A.E.)  and  11.3  dB 
power  gain  at  4  GHz.  Peak  power  of  0.68W,  P.A.E.  of  52%,  and  10.3  dB  power  gain  also 
was  achieved  at  a  collector  current  density  of  5.5x10^  A/cm2. 


I.  Introduction 

The  rapid  progress  of  InGaP/GaAs  tunneling  emitter  and  heterojunction  bipolar  transistors 
(TEBTs  and  HBTs)  has  raised  much  interest  in  pursuing  their  microwave  applications.  The 
advantage  of  small  conduction  band  discontinuity  (  130  -150  meV)  and  excellent  interface 
quality  of  the  InGaP/GaAs  HBT  [1]  provides,  respectively,  much  smaller  offset  voltage  (  < 
200  mV)  and  high  current  gain  at  low  current  density  compared  to  the  conventional 
AlGaAs/GaAs  HBTs  [2,3].  Furthermore,  the  thermal  conductivity  (W/deg.cm)  of  InGaP  [4] 
between  300  "K  and  700  °K  is  greater  than  that  of  GaAs  and  AlGaAs.  All  these  characteristics 
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may  improve  the  device  power-added  efficiency  (P.A.E.)  and  linearity  in  microwave  power 
operations. 

Up  to  now,  however,  most  reports  in  the  literature  are  focused  on  the  DC  performance  - 
only  a  few  have  small  signal  RF  results.  In  this  paper,  we  report  on  the  design  of  power 
transistors  and  the  microwave  power  performance,  as  well  as  small  signal  results  of  MOMBE- 
grown  InGaP/GaAs  HBTs  fabricated  with  self-aligned  technology.  Power  transistors 
consisting  of  4,  8,  and  12  cells  were  fabricated  using  self-aligned  technology  and  lapped  down 
to  2  mils  for  microwave  power  evaluation.  Based  on  a  finite-element  3D  analysis,  a  novel 
device  topology  (FET-like)  was  proposed  to  optimize  the  thermal  design  and  eliminate  the 
distributive  effect  in  transistors  with  large  emitter  peripheries. 

II.  Design  Consideration  of  Power  HBTs 

Heterojunction  bipolar  transistors  have  an  advantage  over  field  effect  transistors  (FETs)  in 
cut-off  mode  operation  for  high  P.A.E. [5]  The  P.A.E.  of  HBT  power  amplifiers  operated  in 
classes  AB,  B,  and  C  can  be  further  improved  to  nearly  reach  theoretical  limits  by  enhancing 
the  collector  efficiency  and  power  gain.  Both  factors  depend  on  the  heterostructure  material 
system,  epitaxial  layer  design,  device  layout,  DC  and  RF  characteristics  (which  are  the 
outcome  of  device  technology),  and  operating  conditions.  In  general,  high  collector  efficiency 
can  be  achieved  in  HBTs  through  a  low  microwave  saturation  voltage  and  a  high  voltage  bias 
in  device  operations.  The  microwave  saturation  voltage  is  determined  by  the  collector  offset 
voltage  and  knee  voltage  of  device  output  characteristics  in  the  operating  microwave 
frequency.  [6] 

To  maintain  a  high  efficiency  at  moderate  bias  voltages  (if  system  applications  limit  the 
operation  at  high  voltage),  optimization  of  device  design  is  necessary  to  minimize  the 
microwave  saturation  voltage(MWVces)  and  to  maximize  the  power  gain.  Achieving  the 
minimum  MWVces  at  chosen  bias  voltage  (Vcc),  the  total  output  power  is  then  dominated  by 

the  peak  current  at  the  fundamental  frequency  of  operation,  and  the  power  gain  is  determined 
primarily  by  the  cut-off  frequency,  fy;  maximum  frequency  of  oscillation,  fMAX;  and  emitter 
lead  inductance,  Le.[as  explained  in  the  Ref.  6]  Furthermore,  both  theoretical  analysis  [5]  and 
experimental  evidence  in  our  laboratories  show  that  low  saturation  resistance  (which  leads  to  a 
low  knee  voltage)  and  sufficient  current  gain  at  low  collector  current  densities  are  essential  for 
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achieving  high  power  gain. [7]  High  power  gain  at  low  bias  level  is  key  to  high  efficiency 
performance.  [8] 

In  the  design  of  InGaP/GaAs  HBTs,  a  device  layout  based  on  self-aligned  device  technology 
as  well  as  a  heavily  carbon-doped  GaAs  base  layer  was  selected  to  accomplish  high  fMAX-  To 

minimize  the  thermal  effects  on  device  performance,  a  large  spacing  (66.5  |im)  between  the 
emitter  fingers  and  a  thin  substrate  (2  mils)  were  suggested  from  the  results  of  thermal 
modeling  study  using  3D  finite  element  analysis.  Within  the  power  transistor,  each  unit  cell 
—composed  of  an  emitter  finger  of  2x15  jim2—  is  interconnected  through  anisotropically 
etched  and  Au-plated  backside  vias  on  extrinsic  emitter  pads  (Fig.  1).  This  via  interconnection 
can  reduce  grounding  inductance  and  aid  heat  dissipation.  Multiple  bonding  pads  at  both  input 
and  output  ports  of  12-cell  power  transistors  were  utilized  to  minimize  phase  delay.  With  this 
particular  device  layout,  power  combing  was  achieved,  and  a  junction  temperature  below  120 
°C  was  estimated  (by  simulation)  using  the  microwave  power  operations  described  below. 

To  achieve  a  high  frequency  response  (high  fT)  with  high  current  drive  capability  as  well  as 
a  high  breakdown  (with  BVce0  ~  11-12  V),  heavily  doped  InGaAs  emitter  cap  layers,  a  thin 
base  layer  with  a  high  doping  level,  and  optimized  collector  thickness  and  doping  were 
included  in  the  device  epitaxial  layer  design.  (Table  1)  Small  conduction  bandgap  discontinuity 
in  lattice-matched  InGaP/GaAs  heterointerface  and  high  carrier  concentrations  in  the  base  and 
emitter  contact  layers  provide  the  means  to  reduce  the  collector  offset  and  low  saturation 
resistance,  thereby  a  low  knee  voltage  and  minimum  MWVces. 

In  studying  the  frequency  response  and  its  correlation  with  total  emitter  area,  small  signal  RF 
measurements  were  carried  out  on  common-base  transistors  with  different  numbers  of  unit 
cells  (CB4  and  CB8).  Results  are  summarized  in  Table  2.  At  10  GHz,  and  at  collector  current 
density,  Jc  =  3xl04  A/cm2,  small  signal  power  gain  (17.2  -  17.5dB)  of  an  8-cell  CB  HBT 

with  total  emitter  area  of  240  fim2  are  comparable  to  those  of  4-cell  CB  transistors  with  emitter 
area  of  120  pm2  at  different  collector  bias  voltages  (Vct>).  This  indicates  that  the  FET-like 

device  layout  along  with  a  large  emitter-spacing  fabricated  with  a  via-hole  interconnect 
preserves  the  device  microwave  gain  in  scaling  the  device  for  large  emitter  area  (more  collector 
current),  thus  yielding  higher  output  power. 
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III.  Epitaxial  Structures  and  Device  Fabrication 

The  epitaxial  layers  were  grown  on  2-inch  semi-insulating  GaAs  substrates  at  a  constant 
temperature  of  525  °C  in  the  a  metal-organic  molecular  beam  epitaxial  (MOMBE)  system.  The 
layer  structures  are  illustrated  in  Fig.  1.  In  order  to  optimize  the  microwave  power 
performance  at  relative  low  operation  voltages,  a  collector  thickness  of  5000  A  was  selected  in 
the  epitaxial  design.  Triethylgallium  (TEG)  and  trimethylgallium  (TMG)  were  used  to  grow 
the  n-type  and  p+  GaAs  layers,  respectively.  Arsine  (ASH3)  was  the  group  V  source  during 

GaAs  growth.  The  group  III  organometallic  sources  utilized  for  the  growth  of  InGaP  were 
trimethylindium  (TMI)  and  trisobutylgallium  (TIBG)[9],  while  phosphine  (PH3)  was 

introduced  to  the  chamber  via  a  low-pressure  cracker  maintained  at  1100  °C  to  generate  the 
group  V  element. 

The  HBT  devices  are  fabricated  using  a  base-to-emitter  self-aligned  technology.  Device 
isolation  was  achieved  from  a  sequence  of  ion  implant  steps  using  proton  and  fluorine  ions. 
Emitter  ohmic  metal  was  utilized  as  the  etching  mask  to  define  the  emitter  fingers  and  to  form 
emitter  mesas  via  multiple  steps  of  reactive  ion  etching  (RIE)  using  CCI2F2-,  and  BCl3-based 
discharges  for  etching  GaAs  layers,  while  using  CH4/H2/Ar-based  discharge  and  selective  wet 
chemical  etching  for  InGaAs  and  InGaP  layers. [10]  A  thin  layer  of  silicon  nitride  for  sidewall 
protection  was  formed  prior  to  the  deposition  of  non-alloyed  base  contact  metal  using  Ti/Pt/Au, 
followed  by  the  base  mesa  formation  using  RIE.  The  input/output  ports  of  the  power 
transistors  were  interconnected  by  a  lift-off  metallization  using  Ti/Pt/Au  after  device 
passivation. 

After  finishing  the  frontside  fabrication,  the  wafer  was  lapped  and  polished  to  a  thickness  of 
2  mils  to  improve  overall  heat  dissipation.  Three  additional  mask  steps  were  employed  to 
complete  the  flipside  fabrication;  These  include  substrate  street  definition  and  etching;  via-hole 
RIE  and  metallization  using  electrodeless  and  electrode-plating  techniques;  and  die  separation. 
The  grounding  pads  of  the  power  transistors,  both  for  common-emitter  and  common-base 
configurations,  are  interconnected  only  through  flipside  via-hole  dry  etching  and  plated  metal. 
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IV.  Device  Characteristics  and  Microwave  Performance 

The  electrical  characteristics  of  devices  were  measured  using  a  HP  4145A  semiconductor 
parameter  analyzer.  A  HP  8510B  automatic  network  analyzer  and  a  Wiltron  360B  system 
were  used  in  conjunction  with  Cascade  Microtech  high  frequency  probe  heads  to  measure  the 
transistor  frequency  response.  The  line  reflection  match  (LRM)  method  is  employed  to 
calibrate  the  network  analyzer  system.  Small-signal  S-parameters  were  measured  from  0.5  to 
40  GHz  on  the  HP  system,  and  0.5  to  60  GHz  on  the  Wiltron  instrument.  The  current  gain 
( !H2ll2)>  maximum  stable  gain  (MSG),  and  maximum  available  gain  (MAG)  as  a  function  of 

frequency  were  derived  from  the  measured  s-parameters. 

Excellent  DC  performance  of  InGaP/GaAs  HBTs  was  demonstrated.  The  unit  cell  device 
with  emitter  dimensions  of  2x15  |im2  demonstrated  small  signal  current  gain  ((3)  of  20  -  35. 
Good  junction  ideality  factor,  n  =  1.29,  was  achieved  from  the  emitter-base  pN+  diodes.  Low 
offset  (  <  150  mV)  and  low  knee  voltage  (<  0.7  V)  for  a  power  transistor  consisting  of  four 
unit  cells,  with  total  emitter  area  of  120  |im2,  was  demonstrated  as  shown  in  Fig.  3.  The 
device  demonstrated  small  signal  current  gain  >  25  at  low  collector  current  density  of  4-5 
xl03A/cm2.  These  results  are  superior  to  AlGaAs/GaAs  HBTs  with  similar  device  structures, 
and  are  highly  desirable  for  high  P.A.E.  in  microwave  power  applications. 

The  unit  cell  devices  were  RF  tested  (small  signal  S-parameters)  from  0.5  to  60  GHz  and 
exhibited  a  high  current  gain  cut-off  frequency,  fj,  around  80  GHz,  and  maximum  frequency 
of  oscillation,  fMAX>  of  70  GHz,  in  a  common-emitter  (CE)  configuration  (Fig.  2a).  The 
common  base  (CB)  transistor  with  same  emitter  dimensions  demonstrated  maximum  stable 
gain  (MSG)  of  6  dB  at  60  GHz  (Fig.  2b),  which  is  comparable  to  the  best  of  AlGaAs/GaAs 
HBTs.  These  high  frequency  results  indicate  the  great  potential  of  InGaP/GaAs  HBTs  for 
millimeter-wave  power  application.  The  InGaP/GaAs  HBT  approaches  the  maximum  fp  when 
biased  at  a  low  VCe  of  1  V  and  at  a  collector  current  density  of  5.2xl()4  A/cm2. 

Large-signal  microwave  power  evaluations  were  done  with  devices  mounted  on  the  test 
fixtures.  The  discrete  power  transistors  were  first  die-attached  with  indium/lead  (InPb)  alloy 
onto  carriers  and  then  assembled  into  the  fixture.  The  chips  were  connected  through  bonding 
wires  to  the  50-Q  microstripe  line  of  the  fixture.  The  power  measurement  setup  was  first 
calibrated  by  measuring  fixture  loss  with  through-line  connection.  Impedance  matching  was 
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done  by  an  external  tuner  and  in-fixture  chip  tuning.  The  extra  loss  introduced  from  the 
matching  was  not  removed  from  the  power  measurements,  therefore  the  power  results  are 
conservative. 

Power  transistors  were  tested  at  4  GHz  with  Vce=5  V.  This  relative  low  bias  of  power 
transistors  (or  amplifiers)  is  highly  desirable  for  wireless  communication.  A  maximum  output 
power  of  0.6  W  with  a  gain  of  12.7  dB  and  50%  P.A.E.  was  measured  under  CW  bias.  The 
device  also  showed  high  linearity  with  gain  of  15-15.5  dB  up  to  the  input  power  level  of 
12  dBm.  (Fig.  4)  Under  the  pulse  bias  mode  with  a  pulse  width  of  50  (is  and  Vce  =  5  V,  a 
different  power  transistor  with  12  cells  (360  fim^)  and  a  breakdown  voltage  (BVceo)  of  11  Y 
delivered  0.53W  output  power  with  57%  P.A.E.  and  11.3  dB  gain.  Peak  power  of  0.68W, 
52%  P.A.E.,  and  10.3  dB  gain  were  also  achieved  at  a  collector  current  density  of  5.5x10^ 
A/cm^. 

To  explore  the  power  performance  at  even  lower  voltages  of  operation,  a  common-base 
transistor  with  12  unit  cells  was  evaluated  under  CW  bias.  At  Vcb  =  4.0  V  and  emitter 
current  (Ie)  of  100  mA,  it  exhibited  24-25  dBm  output  power  with  9.7-12.8  dB  gain,  and  peak 
P.A.E.  of  52%  at  4  GHz. 


V.  Conclusions 

In  summary,  we  have  reported  the  results  of  experimental  study  in  pursuing  the  microwave 
power  applications  of  InGaP/GaAs  HBTs.  The  design  criteria  of  power  HBTs  with  high 
efficiency  were  discussed.  The  proposed  FET-like  device  topology  provides  a  means  to 
preserve  power  gains  when  scaling  up  power  transistors  for  large  emitter  area.  The  advantage 
of  this  new  material  system  for  Npn  heterojunction  bipolar  transistors,  in  conjunction  with 
state-of-the-art  self-aligned  device  technology,  leads  to  excellent  device  characteristics  such  as 
low  collector  offset  voltage  (  <  150  mV)  and  low  knee  voltage  (<  0.7  V),  — both  are  essential 
for  high  P.A.E.  in  microwave  power  operations.  The  unit  cell  devices  exhibited  high 
frequency  response  with  fp,  fmax  well  into  millimeter-wave  range.  At  4  GHz,  high  power 

gain  of  12.7  dB  and  high  linearity  with  P.A.E.  >  50%  were  achieved  from  CE  HBTs  at 
relatively  low  voltage  bias  of  5  volts.  Transistors  with  a  CB  configuration  operating  at  4  V, 
demonstrated  P.A.E.  of  52%  and  >  9.7  dB  gain  at  a  peak  output  power  level  of  25  dBm. 
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These  results  suggest  that  InGaP/GaAs  HBTs  are  suitable  not  only  for  high-speed  digital  but 
also  for  microwave  small- signal  and  power  applications. 
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Fig.  1  The  layout  design  of  a  12-cell  power  transistor  with  "FET-like"  topology.  All  unit  cells  are 
interconnected  through  metallized  via  holes  and  backside  metal. 


Table  1.  Layer  structures  of  InGaP/GaAs  Power  HBT. 


Emitter  Cap  3 

*n0.75  ®a0.25  AS 

n+,  3x1019cm"3,  300A 

Emitter  Cap  2 

!nx  Ga-|.x  As 

n+,  3x1019crrr3,  300A 

Emitter  Cap  1 

GaAs 

n+,  1.5x1019cm"3,  3500A 

Emitter 

InGaP 

n  ,  5x1017cm*3,  500A 

Base 

GaAs 

p+,  7x1019cm'3,  700A 

Collector 

GaAs 

n%  3x1016cm’3,  5000 A 

Subcollector 

GaAs 

n+,  3x1018cm*3,  8000A 

GaAs  Substrate 

Table  2.  Comparison  of  gains  (MSG/MAG)  measured  at  10  GHz  and  Jc  -  3xl04  A/cm2  for  common-base 

HBTs  with  different  emitter  areas. 


Device 

Configuration 

Emitter  Area 
(pm2) 

Gain  (dB) 
at  Vcb  =  1.7V 

Gain  (dB) 
at  Vcb  =  3V 

Gain  (dB) 
at  Vcb  =  4V 

CB  (4  cells) 

120 

17.5 

17.5 

17.5 

CB  (8  cells) 

240 

17.5 

17.5 

17.2 

50 
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a)  b) 


Frequency  (GHz)  Frequency  (GHz) 


Figure  2.  The  current  gain,  I H21R  maximum  stable  gain  (MSG)  and  maximum  available  gain  (MAG) 
extracted  from  S-parameters  measured  from  0.5  -  60  GHz  for  a)  common  emitter  and  b)  common  base 
configurations. 


.7  1.4  2.1  2.8  3.5  4.2  4.9  5.6  6.3  7.0 


V  ce(V) 


Input  Power  (dBm) 


Figure  3.  The  I-V  characteristics  of  an  InGaP/  Figure  4.  Measured  CW  power-added  efficiency, 

GaAs  power  HBT  with  common-emitter  configu-  output  power  and  gain  as  a  function  of  input 

ration  (measured  from  a  2  mil  substrate).  The  power  at  4  GHz  for  InGaP/ GaAs  (CE)  HBT  with  360 

transistor  consists  of  four  unit  cells  with  a  total  total  emitter  junction  area, 

emitter  junction  area  of  120  . 
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OF  DOUBLE  HETEROJUNCTION  BIPOLAR  TRANSISTORS 
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Bellcore,  331  Newman  Springs  Road,  Red  Bank,  NJ  07701 


ABSTRACT 

The  barrier  effects  in  InP  based  double  heterojunction  bipolar  transistors  have  been  investigated 
both  theoretically  and  experimentally.  It  was  found  that  the  gradual  saturation  of  collector 
current  with  increasing  collector  voltage  was  caused  by  the  collector-base  heterojunction  barrier. 
Whereas  the  gain  compression  with  increasing  base  current  was  caused  by  electron  accumulation 
at  the  collector-base  heterojunction.  These  effects  have  been  included  in  terms  of  nonlinear 
currents  and  capacitances  in  an  equivalent  circuit  model  for  the  prediction  of  DHBT  large  signal 
performance.  By  using  an  InAlAs  emitter  and  an  InP  collector  with  an  InGaAs  spacer  to  alleviate 
these  undesirable  effects,  improvement  in  microwave  power  performance  was  verified. 


INTRODUCTION 

InP  based  heterojunction  bipolar  transistor  exhibited  higher  cutoff  frequencies  than  its  GaAs 
based  counterpart  [1],  However,  its  power  performance  was  limited  by  high  collector-emitter 
offset  voltage  and  low  breakdown  voltage  [2].  Recently,  these  limits  were  overcome  by  using 
a  wideband  material  such  as  InP  in  the  collector,  thereby  achieving  greater  than  1  W/mm  output 
power  in  such  a  double  heterojunction  bipolar  transistor  (DHBT)  [3] [4],  But  the  DHBT  is 
characterized  by  gradual  saturation  and  gain  compression  hence  low  efficiency  and  linearity.  In 
this  paper,  the  effects  introduced  by  the  collector-base  heterojunction  are  analyzed  using  a 
physical  model.  From  the  physical  insight  gained  through  the  analysis,  nonlinear  elements  are 
incorporated  in  an  equivalent  circuit  model  of  unique  topology  for  the  prediction  of  DHBT  large 
signal  performance. 


EXPERIMENTAL 

Figure  1  illustrates  the  three  types  of  DHBT  structures  that  were  analyzed.  Type  A  and  Type 
B  contain  two  InP/InGaAs  heterojunctions  while  Type  C  contains  an  InP/InGaAs  and  an 
InAlAs/InGaAs  heterojunction.  Type  A  structure  includes  an  InGaAs  spacer  at  the  collector-base 
junction  to  suppress  Zn  outdiffusion  from  the  base.  A  «+-InP  layer  is  added  to  Type  B  to  reduce 
the  collector-base  junction  barrier.  In  Type  C  the  InP  emitter  is  replaced  by  an  InAlAs  emitter 
to  lower  the  emitter  resistance.  All  the  structures  are  grown  by  metal-organic  chemical  vapor 
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deposition  using  Zn  and  Si  as  /7-dopant  and  n-dopant,  respectively.  The  DHBT  growth  and 
fabrication  techniques  have  been  reported  elsewhere  [3]. 


Figure  2  shows  typical  dc  I-V  characteristics  measured  on  the  DHBTs.  It  can  be  seen  that, 
although  Type  A  DHBT  exhibits  lower  than  0.1  V  offset  voltage  and  higher  than  10  V 
breakdown  voltage,  the  collector  current  saturates  only  after  the  collector  voltage  exceeds  4  V. 
In  Type  B  the  saturation  voltage  is  reduced  to  approximately  0.5  V,  but  at  high  base  current  the 
collector  current  continues  to  increase  gradually  with  increasing  collector  voltage.  In  Type  C  the 
current  gain  is  compressed  at  high  base  currents.  The  apparent  saturation  at  high  base  currents 
is  due  to  self-heating.  Without  self-heating,  the  pulsed  I-V  characteristics  exhibit  both  gradual 
saturation  and  gain  compression  as  shown  in  Fig.  3. 

The  measured  small  signal  RF  characteristics  are  shown  in  Fig.  4.  S22  of  Type  A  DHBT  contains 
a  kink  in  the  middle  of  the  frequency  band  suggesting  two  different  charge  accumulation 
mechanisms  at  the  collector-base  junction.  Although  less  obvious,  Type  B  and  Type  C  DHBTs 
show  similar  tendency  of  midband  deviation  from  the  constant  resistance  circle.  The  unity 
current  gain  frequency  improves  from  approximately  30  GHz  for  Type  A,  35  GHz  for  Type  B, 
to  50  GHz  for  Type  C.  The  maximum  frequency  of  oscillation  is  20  GHz  for  Type  A,  30  GHz 
for  Type  B,  and  60  GHz  for  Type  C. 


PHYSICAL  MODEL  AND  ANALYSIS 

To  analyze  the  DHBT  I-V  characteristics,  a  two  dimensional  physical  device  simulator, 
SEMICAD  [5],  was  modified  to  include  both  thermionic  emission  and  tunnelling  field  emission. 
Published  velocity-field  dependence  for  InP  and  InGaAs,  including  negative  differential  mobility, 
was  used  in  the  simulation.  A  Si  like  mobility  model  was  assumed  for  InAlAs.  The  dopant 
outdiffusion  length  was  assumed  to  be  3  nm. 

Figure  5  shows  the  simulated  energy  band  diagram  along  with  electron  density  in  the  three  types 
of  DHBTs.  It  can  be  seen  that,  for  Type  A,  a  conduction  band  barrier  exists  near  the  collector- 
base  junction  at  a  collector  voltage  of  2  V  and  the  barrier  vanishes  only  after  Vce  exceeds  4  V. 
Thus  this  barrier  appears  to  be  the  culprit  for  the  gradual  saturation  behavior.  For  Type  B,  the 
barrier  is  located  farther  from  the  collector-base  junction  with  the  top  of  the  barrier  below  the 
conduction  band  in  the  base,  resulting  in  improved  saturation  behavior  over  that  of  Type  A. 

Figure  5  also  shows  strong  electron  accumulation  at  the  InGaAs/InP  heterojunction  near  the 
collector-base  junction.  The  accumulation  increases  with  increasing  base-emitter  voltage  and,  at 
high  Vbe,  can  exceed  the  accumulation  at  the  collector-base  or  emitter-base  p-n  junctions.  This 
retards  electron  diffusion  across  the  base  resulting  in  gain  compression.  With  both  gradual 
saturation  and  gain  compression  accounted  for  in  the  model,  the  simulated  I-V  characteristics 
(Fig.  6)  are  in  reasonable  agreement  with  measurement. 
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EQUIVALENT  CIRCUIT  MODEL  AND  ANALYSIS 

With  the  above  physical  insights,  an  existing  DHBT  equivalent  circuit  model  [6]  was  modified 
to  more  accurately  reflect  the  nonlinear  effects.  As  shown  in  Fig.  7,  the  modification  consists 
mainly  nonlinear  currents  and  capacitances  at  the  base  and  collector,  respectively. 

The  nonlinear  base  current,  Ibe,  is  expressed  as: 

V,-aE, 

Ibe  =  Is  [  exp  ( -if— _ ^ )  -1  ] 


where  ls  is  the  saturation  current;  tJLeb  is  the  emitter-base  barrier;  k  is  the  Boltzmann  constant; 
T  is  absolute  temperature. 

The  nonlinear  collector  current,  Jc,  is  expressed  in  terms  of  a  nonlinear  base  transport  factor, 
a,  which  contains  functions  of  Ibe  and  Vcb  to  account  for  gain  compression  and  gradual 
saturation,  respectively: 


a  =  a0 [  1  +aiexp {a2Ihe)  ] "‘  [  1  +a3exp ( -AEcb  / kT)  ]' 1 
AEcb  =  AEcbo  exp  ( -aAVcb  ) 


where  a„  is  the  base  transport  factor  at  low  injection  levels;  a Ecb  is  the  collector-base 
heterojunction  barrier;  tJicbo  is  tJLcb  at  1^=0;  a,,  a2,  a3  and  a4  are  fitting  parameters. 

Finally,  a  non-linear  capacitance  in  terms  of  Qce  =  -tjc  is  included  in  the  collector  node  to 
account  for  electron  accumulation  at  the  collector-base  junction.  Here  tc  is  collector  transit  time. 

The  nonlinear  currents  and  emitter  and  collector  resistances  are  determined  from  dc  I-V 
characteristics.  The  base  resistances  and  all  capacitances  and  inductances  are  determined  from 
small  signal  S-parameters.  Figures  8  and  9  show  simultaneous  fit  with  both  dc  I-V  characteristics 
and  S-parameters. 

This  nonlinear  equivalent  circuit  model  has  been  incorporated  into  a  harmonic  balance  simulator, 
LIBRA  [7],  as  a  user  defined  element.  The  model,  in  spite  of  its  complexity,  is  very  efficient  for 
large  signal  analysis.  Figure  10  shows  the  simulated  output  power  and  power  added  efficiency 
for  a  Type  C  DHBT  biased  at  Vc<r=6V  and  4=0. 1mA  (Class  AB).  The  simulated  maximum 
power  output  of  lW/mm  and  efficiency  of  23%  agrees  with  the  measured  data. 
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CONCLUSION 


Unique  DHBT  characteristics  in  terms  of  gradual  saturation  and  gain  compression  have  been 
analyzed.  The  collector-base  heterojunction  barrier  was  found  to  be  responsible  for  gradual 
saturation  while  gain  compression  is  due  to  electron  accumulation  at  the  barrier.  These  effects 
have  been  included  in  terms  of  nonlinear  currents  and  capacitances  in  an  equivalent  circuit  model 
for  the  prediction  of  DHBT  large  signal  performance.  By  using  an  InAlAs  emitter  and  an  InP 
collector  with  an  InGaAs  spacer  to  alleviate  the  undesirable  power  limiting  effects,  improvement 
in  microwave  power  performance  was  verified. 
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Fig  5.  Energy  band  diagram  (simulated)  of  DHBT 
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Fig  9.  Measured  and  simulated  small-signal  S-parameters  of  DHBT  Type  C. 
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Fig  10.  Simulated  output  power  and  power  added  efficiency  of  DHBT  Type  C 
biased  at  class  AB. 


InAlAs /InGaAs(P)  Double  Heterojunction  Bipolar  Transistors  with  High 
Breakdown  Voltage  Grown  by  Chemical  Beam  Epitaxy  (CBE)  1 

John  C.  Cowles,  W.L.  Chen,  G.O.  Munns,  and  G.I.  Haddad 

Center  for  High  Frequency  Microelectronics 
Department  of  Electrical  Engineering  and  Computer  Science 
University  of  Michigan 
Ann  Arbor,  MI  48109-2122 
(313)-764-3305 

ABSTRACT 

InAlAs/InGaAs  single(S)  and  double(D)  heterojuction  bipolar  tran¬ 
sistors  (HBTs)  have  been  grown  by  Chemical  Beam  Epitaxy  (CBE). 

The  DHBT  features  an  InGaAsP  precollector  that  greatly  increases  the 
breakdown  voltage  from  2V  to  8V  and  decreases  the  collector  emitter 
offset  voltage  from  360mV  to  210mV  in  comparison  to  the  SHBT.  The 
common  emitter  current  gain  /3  remains  high  in  both  structures.  Mi¬ 
crowave  measurements  performed  on  the  DHBT  reveal  that  ft  increases 
monotonically  with  Jc  upto  at  least  105 A/cm2  showing  no  signs  of  base 
pushout.  These  results  show  that  CBE  grown  DHBTs  are  promising 
devices  for  high  power  applications. 


1.  Introduction 


Heterojunction  bipolar  transistors  (HBTs)  lattice  matched  to  InP  have  demonstrated 
excellent  high  frequency  performance  and  are  promising  candidates  for  integration  into  op¬ 
toelectronic  lightwave  communication  systems.  InAlAs/InGaAs  and  InP/InGaAs  single(S) 
HBTs  have  been  reported  with  ft  in  excess  of  110  GHz  and  165  GHz,  respectively  [1][2]. 
However,  InGaAs  collector  devices  typically  suffer  from  low  collector  breakdown  voltage  due 
to  avalanche  multiplication  and  tunneling  across  the  base- collector  junction.  Furthermore, 
due  to  the  drastic  assymmetry  in  the  two  junctions,  a  significant  offset  voltage  appears  in 
the  output  characteristics.  For  power  applications  where  output  voltage  swing  and  current 
drive  capacity  are  essential,  these  devices  are  clearly  unsuitable.  Double(D)  HBTs  with  InP 
collectors  have  shown  greatly  increased  breakdown  voltages  and  good  RF  performance  but 
have  relied  on  a  2-step  growth  sequence  of  MOVPE  followed  by  MBE  [3].  More  recently, 
DHBTs  grown  by  gas-source  MBE,MOCVD  and  MOMBE  have  shown  excellent  speed  and 
power  performance  [4] [5] [6].  We  report  an  InAlAs/InGaAs/InGaAsP  DHBT  grown  entirely 
by  CBE  showing  improved  DC  characterisics  and  RF  performance  comparable  to  a  SHBT 
processed  in  parallel. 
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2.  Device  Growth  and  Layer  Structure 


The  InAlAs /InGaAs /InGaAsP  DHBT  and  the  InAlAs/InGaAs  SHBT  layer  struc¬ 
tures  were  grown  in  a  first  generation  Varian  Intervac  CBE  system  using  trimethyl  indium 
(TMI),  triethyl  gallium  (TEG),  trimethylamine  alane  (TMAA),  100%  arsine  and  phosphine. 
Conventional  solid  source  silicon  and  beryllium  were  used  as  n-  and  p-type  dopants,  respec¬ 
tively.  The  substrate  temperature  was  maintained  at  520  C  for  the  entire  growth  sequence. 
All  layers  were  grown  lattice-matched  on  Fe-doped  semi-insulating  InP  substrates.  The  In¬ 
GaAsP  quaternary  was  calibrated  to  have  a  bandgap  of  1.0  eV  and  a  lattice  mismatch  of  less 
than  5  x  10-4  arcsec  according  to  photoluminescence  and  double  crystal  X-ray  diffraction 
measurements.  Further  details  on  the  growth  characterization  can  be  found  in  [7]  [8]. 

Figure  1  illustrates  the  layer  structures  for  the  SHBT  and  the  DHBT.  Both  designs 
feature  an  n+/N+  InGaAs/InAlAs  isotype  hetero junction  to  reduce  the  effect  of  the  con¬ 
duction  band  spike  on  the  emitter  access  resistance.  A  thin  InP  spacer  layer  was  inserted  at 
the  emitter-base  interface  to  prevent  any  beryllium  out-diffusion  during  growth  and  to  act 
as  an  etch-stop  layer  during  the  base  etch.  The  base  and  sub-collector  layers  were  heavily 
doped  to  minimize  the  ohmic  contact  and  bulk  access  resistances.  The  pre-collector  layer 
thickness  and  doping  level  for  both  devices  were  identical.  The  SHBT  precollector  was  en¬ 
tirely  InGaAs  while  the  DHBT  had  a  composite  collector  featuring  a  300A  InGaAs  spacer 
followed  by  a  3200A  InGaAsP  layer.  The  spacer  served  to  reduce  the  blocking  effect  of  the 
base-collector  heterojunction  by  displacing  it  slightly  away  from  the  electrical  junction  into 
the  collector.  Note  that  no  delta-doping  was  introduced  at  the  discontinuity  as  is  commonly 
done  to  further  inhibit  the  effect  of  the  spike. 


3.  Device  Fabrication 

Both  HBTs  were  fabricated  using  a  triple  mesa  fully  self-aligned  emitter  and  base  pro¬ 
cess  [9].  First,  a  NiGeAuTiAuTi  emitter  ohmic  metal  was  evaporated.  The  second  Ti-layer 
served  as  a  robust  mask  for  the  RIE  emitter-base  mesa  etch  which  was  found  to  sputter 
off  the  Au  contact  layer.  The  base  etch  relied  on  a  CH4  :  At  :  H2  RIE  followed  by  a 
H202  :  H20  :  H3P04  selective  wet  chemical  etch.  This  minimized  emitter  metal  undercut 
while  avoiding  the  deleterious  effects  of  exposing  the  base  surface  to  the  RIE  plasma  [10]. 
The  InP  etch-stop  layer  prevented  any  overetching  into  the  base  from  occuring.  Next,  a 
PECVD  Si02  layer  was  deposited  and  then  anisotropically  etched  in  a  CF4  plasma  to  form 
sidewalls  on  the  emitter-base  mesa.  This  prevented  the  base  metal  from  shorting  to  the 
exposed  emitter  sidewall.  The  effects  of  sidewall  formation  on  the  surface  of  the  base  layer 
and  of  the  emitter  sidewall  were  found  to  be  negligible.  Diode  samples  fabricated  without 
being  exposed  to  any  plasma  treatments  showed  comparable  ohmic  contact  resistances  and 
diode  ideality  factors. 

After  sidewall  formation,  the  InP  spacer  was  selectively  removed  in  a  H3P04  :  HC1 
dip  and  the  PdGeTiAuTi  base  metal  was  then  deposited  self  aligned  to  the  emitter  metal/ 
Si02  sidewall.  This  non-alloyed  metal  system  forms  a  shallow  ohmic  contact  with  excel¬ 
lent  contact  resistivity  when  deposited  on  heavily-doped  p-type  InGaAs  [11].  Furthermore, 
its  anealing  temperature  is  compatible  with  the  n-type  ohmics  and  with  device  reliability. 
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Again,  the  top  Ti-layer  protected  the  integrity  of  the  mask  during  the  subsequent  self-aligned 
RIE  of  the  base-collector  mesa.  In  order  to  remove  the  RIE  damaged  region,  the  last  part  of 
base-collector  mesa  was  wet-chemical  etched  in  H202  :  H20  :  H3PO4  for  the  InGaAs  SHBT 
and  in  saturated  bromine  water  solution  for  the  InGaAsP  DHBT. 

Once  the  subcollector  layer  was  reached,  NiGeAuTiAu  collector  metal  was  deposited. 
All  the  ohmics  were  anealed  simultaneously  at  300  C  for  20  sec.  in  a  N2  ambient.  Higher 
temperature  annealing  was  found  to  degrade  the  base-collector  junction  of  the  DHBT.  Then 
each  device  was  isolated  by  etching  down  to  the  semi-insulating  InP  substrate.  For  inter¬ 
connect  support,  a  low  temperature  6000A  PECVD  Si02  layer  was  deposited  and  via  holes 
were  defined  and  etched.  Finally,  a  thick  interconnect  metal  was  evaporated  for  microwave 
testing.  The  final  structure  of  a  typical  device  is  illustrated  in  Figure  2. 


4.  DC  Characterization 

DC  measurements  were  performed  on  a  HP-4145  curve  tracer.  Common  emitter  out¬ 
put  characteristics  and  Gummel  plots  for  both  structures  are  shown  in  Figures  3  and  4.  Both 
devices  showed  adequate  /?  of  75  and  100  for  the  SHBT  and  DHBT,  respectively,  that  were 
independent  of  device  geometry  and  emitter  perifery.  The  collector  breakdown  voltage  with 
open  base  increased  dramatically  from  2V  in  the  SHBT  to  8V  in  the  DHBT.  Correspond¬ 
ingly,  the  collector-base  breakdown  voltage  improved  from  2.5V  to  12V.  The  Gummel  plots 
show  relatively  uniform  /?  down  to  10~loA  of  collector  current  suggesting  that  even  with 
Vcb  =  0,  the  DHBT  collector  barrier  does  not  impede  collector  current  flow.  The  measured 
ideality  factors  are  given  in  the  figures. 

A  careful  inspection  of  the  saturation  region  in  the  common  emitter  characteristics 
shows  a  decreased  collector  offset  voltage  AVce  for  the  DHBT  as  shown  in  Figure  6.  This 
is  consistent  with  a  corresponding  increase  in  the  base-collector  turn-on  voltage  for  the  In¬ 
GaAsP  device.  Note  that  previosusly  reported  DHBTs  with  a  delta-doped  spike  showed  no 
AVce  reduction  because  tunneling  through  the  spike  reduced  the  junction  turn-on  voltage. 
By  using  InGaAsP  instead  of  InP  as  the  precollector  material,  no  delta  doping  was  required 
to  remove  the  barrier  effect  and  thus  the  A Vce  was  reduced.  The  particular  /(.-dependence  of 
AVce  has  been  attributed  to  the  difference  in  ideality  factors  of  the  individual  base-emitter 
and  base-collector  junctions  [12]. 


5.  RF  Characterization 

Microwave  measurements  were  made  on  a  cascade  probe  station  using  an  HP-8510 
microwave  network  analyser.  Figure  6  shows  the  bias  dependence  of  ft  for  a  5 /im  x  5/zm 
emitter  area  DHBT.  The  monotonic  increase  of  ft  with  Jc  indicates  no  sign  of  the  Kirk 
effect.  The  valence  band  discontinuity  at  the  base-collector  junction  is  expected  to  contain 
the  holes  in  the  base  thus  preventing  base  pushout  and  subsequent  degradation  of  ft  at  high 
collector  currents. 

A  comparison  of  the  current  dependence  of  ft  between  both  devices  biased  at  Vce  =  2V 
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is  given  in  Figure  7.  At  low  and  medium  values  of  Jc  the  SHBT  is  clealy  superior  but  at 
Jc  «  4  x  10 4  A/cm2  the  /<  of  the  SHBT  saturates.  This  agrees  well  with  a  simple  calculation 
of  the  critical  current  density  required  for  base  pushout  given  the  precollector  doping  and 
the  electron  saturated  velocity. 


6.  Conclusion 

InAlAs /InGaAs /InGaAsP  DHBTs  have  been  grown  and  fabricated  using  a  fully  self 
aligned  process.  The  devices  demonstrate  greatly  improved  DC  characteristics  from  the 
SHBT  with  increased  breakdown  voltages  and  lower  AVce  while  maintaining  good  current 
gain.  RF  results  confirm  the  fact  that  the  base-collector  discontinuity  prevents  the  reduction 
of  ft  at  high  currents.  Therefore,  these  devices  appear  to  be  excellent  candidates  for  high 
power  application  because  of  large  collector  voltage  swing  and  good  high  frequency  operation 
at  high  current  levels. 
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InAlAs/InGaAs  SHBT 

InAIAs/InGaAs(P)  DHBT 

n+  InGaAs  2000  A  IxlO19  cm'3  cap 

n+  InGaAs  2000  A  IxlO19  cm'3  cap 

N+  InAIAs  500  A  3x1 01 8  cm'3  cap 

N+  InAIAs  500  A  3x1 01 8  cm'3  cap 

N  inAIAs  1500  A  IxlO18  cm'3  emitter 

N  InAIAs  1000  A  IxlO18  cm'3  emitter 

i  InP  100  A  spacer 

i  InP  100  A  spacer 

p+  InGaAs  700  A  IxlO19  cm'3  base 

p+  InGaAs  700  A  IxlO19  cm'3  base 

n-  InGaAs  3500  A  IxlO16  cm'3  precollector 

n-  InGaAs  300  A  5x1015  cm'3  spacer 

n+  InGaAs  6000  A  IxlO19  cm'3  subcoilector 

n-  InGaAsP  3200  A  IxlO16  cm'3  precollector 

semi-insulating  substrate 

n+  InGaAs  6000  A  IxlO19  cm'3  subcollector 

semi-insulating  substrate 


Figure  1.  Epitaxial  Layer  Structures  for  the  SHBT  and  DHBT. 
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Figure  2.  Cross-sectional  View  of  the  Device  Structure. 
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Figure  3.  Common  Emitter  and  Gummel  Characteristics 
for  the  InAIAs/InGaAs  SHBT. 


Figure  4.  Common  Emitter  and  Gummel  Characteristics 
for  the  InAIAs/InGaAs/InGaAsP  DHBT. 
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InAlAs/lnGaAs  SHBT 


InAlAs/InGaAs(P)  DHBT 


Figure  5.  Saturation  Region  of  the  SHBT  and  DHBT  Showing 
AVce  and  its  Bias  Dependence. 


lnAIAs/InGaAs(P)  DHBT 


Figure  6.  Bias  Dependence  of  ft 
for  a  5p.m  x  5|im  Emitter  DHBT 


Figure  7.  Comparison  of 
ft  vs.  Jc  at  Vce  =  2V 
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Abstract 

GalnP/GaAs/GalnP  double  heterostructure  bipolar  transistors  , emitter  area  of  50 
x  50  (pm)2  ,  with  a  DC  gain  of  445  and  breakdown  voltage  (VCB0)  of  more  than  17V 
have  been  fabricated.  The  Gummel  plots  give  an  ideality  factor  of  1.01  for  the 
collector  current  and  1.1  for  the  base  current,  and  the  devices  show  gain  down  to 

collector  currents  of  10'9  A.  A  higher  gain,  more  than  800,  was  recorded  for  a 
smaller  device,  20  x  50  (pm)2  emitter,  but  the  breakdown  voltages  were  lower. 


1.  Introduction 

GalnP/GaAs  HBTs  offer  improved  carrier  injection  into  the  base  compared  with 
the  AlGaAs/GaAs  devices,  due  to  the  higher  bandgap  of  GalnP  (1.85eV)  [1].  Most  of  the 
band  offset  is  taken  up  in  the  valence  band  which  leads  to  better  npn  devices.  GalnP  also 
has  a  better  etching  selectivity  relative  to  GaAs  and  a  lower  concentration  of  deep  levels 
compared  to  AlGaAs  material.  The  breakdown  behavior  of  a  GalnP/GaAs  HBT  can  be 
improved  by  using  a  GalnP  collector  instead  of  GaAs  to  create  a  double  heterojunction 
device  (DHBT).  The  second  heterojunction  introduces  a  barrier  to  the  electrons  in  the 
collector  resulting  in  a  reduced  gain  [2]  and  can  affect  the  speed  of  the  device.  By 
shifting  this  GalnP/GaAs  interface  away  from  the  base,  improvements  can  be  made  to  the 
breakdown  keeping  the  high  gain  [3].  This  composite  collector  design  has  not  been  tried 
in  GalnP/GaAs  DHBTs.  Thus  we  wished  to  test  this  approach  to  see  what  improvements 
could  be  made  to  the  breakdown  behavior  in  such  GaAs  based  HBTs  without 
significantly  compromising  the  gain.  The  fabrication  and  the  DC  characteristics  of 
devices  with  different  emitter  areas  will  be  presented  in  this  paper. 


2.  Layer  structure  and  fabrication 

We  have  fabricated  DHBTs  using  a  conventional  wet-chemical  and  lift-off 
processes.  The  wafer  was  grown  by  gas-source  MBE  and,  as  designed,  consists  of  GaAs 
cap  layer  (  1500  A,  doped  to  5  x  1018  cm’3  with  Si),  a  GalnP  wide  bandgap  emitter 
(500A,  doped  to  3  x  1018  cm'3  and  1000A,  doped  to  5  x  1017  cm'3  with  Si),  an  80A 
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undoped  GaAs  spacer  layer,  then  a  GaAs  base  (  800A,  doped  to  1019  cm'3  with  Be).  A 
700A  GaAs  spacer  layer,  doped  with  Si  to  10 16  cm'3,  was  inserted  between  the  base  and 
the  GalnP  collector  which  is  doped  to  about  10  ^  cm'3  with  Si  and  has  a  thickness  of 

4000A.  The  GaAs  subcollector  is  4000A  thick  and  is  doped  with  Si  to  2  x  lO1^  cm'3. 
The  external  GaAs  base  was  not  exposed  and  a  thin  GalnP  layer  was  left,  while  defining 
the  emitter  mesa,  as  a  passivation  layer.  Non-alloyed  TiPtAu  contacts  were  made  on  the 
GaAs  layers.  The  contacts  could  be  optimized  to  improve  the  performance  of  the  devices 
at  low  applied  biases  and  at  high  frequency.  The  base  sheet  resistance  was  3000/  sq. 
The  spacing  between  the  metal  contact  and  the  mesa  edge  was  5  pm.  Fig.  1  shows  the 
band  diagram  calculated  at  equilibrium  and  at  applied  biases  of  VBE  =1.0  V  and  VCB 
=3V.  In  these  calculations  we  used  the  designed  doping  levels.  These  diagrams  show 
that  the  electric  field  is  distributed  over  both  the  GaAs  and  GalnP  layers  so  that  the 
breakdown  behavior  of  the  device  should  improve,  but  not  at  the  expense  of  the  gain.  If 
the  GalnP  in  the  collector  is  spaced  too  far  from  the  base  then  the  device  will  behave  as  a 
SHBT  and  improvements  in  the  breakdown  will  be  lost. 


3.  Results 

DC  measurements  were  performed  on  the  50  x  50  (pm)2  emitter  DHBTs.  The 
common  emitter  characteristics  are  shown  in  Fig.  2  for  a  series  of  base  currents  up  to 
20pA.  The  offset  voltage  is  0.41  V  and  is  higher  than  what  one  would  expect  for  a 
DHBT.  This  is  not  related  to  the  composite  collector  design  since  for  unpassivated, 
DHBTs,  made  from  the  same  wafer,  the  offset  voltage  was  -0.05V.  Clearly  the  variation 
of  the  characteristics  in  the  low-bias  region  is  complicated  by  the  use  of  a  passivation 
ledge  as  well  as  the  GaAs  spacer,  and  this  needs  further  study.  The  offset  voltage  is 
dependent  not  only  on  the  band  discontinuities  of  the  two  heterojunctions  but  also  the 
recombination  loss  between  the  two  heterojunctions  [4].  The  breakdown  voltage  (VCEq) 
is  13V  while  (VCB0)  is  more  than  17V  as  extracted  from  the  common-base  characteristics 
shown  in  Fig.  3.  The  Gummel  plot  for  this  device  gives  an  ideality  factor  of  1.01  for  the 
collector  current  compared  with  1.1  for  the  base  current.  For  DHBTs  made  without  the 
passivating  ledge  the  base  ideality  factor  was  -2.1.  Fig.  4  shows  the  Gummel  plot  of  two 

DHBTs  with  the  same  emitter  area,  70  x  70  (pm)2,  but  only  one  of  them  is  passivated.  In 
such  unpassivated  HBTs  the  collector  and  base  currents  cross  in  a  Gummel  plot.  This  is 
caused  by  surface  recombination  in  exposed  GaAs.  In  our  present  devices  the  surface 
recombination  component  is  not  dominant  in  the  base  current.  The  passivation  ledge 
thickness  and  width  are  important  in  determining  its  effectiveness  in  improving  the 
device  characteristics  [5].  The  ledge  thickness  in  our  devices  was  -200A,  and  its  length 
5pm.  For  the  ledge  to  be  useful  it  should  be  fully  depleted  and  sufficiently  long  to 
suppress  the  base  contact  recombination  current.  This  can  limit  the  device  performance 
since  minority  carriers  diffusing  sideways  along  the  ledge  can  reach  the  base  contact 
before  recombining.  The  success  of  our  devices  suggest  the  dimensions  we  have  are  not 
close  to  limiting  values.  A  DC  and  small  signal  gain  close  to  450  were  measured  over  a 
wide  range  of  applied  bias,  VCE=1.4V  to  2.4V  and  at  VCB=3.0V  (  Fig.  5).  The  base- 
collector  voltage  was  applied  to  decrease  the  blocking  effect  of  the  heterojunction  at  the 
collector,  thus  reducing  the  excess  charge  storage.  The  comparatively  flat  gain  curve  is 


common  in  GalnP  wide  bandgap  HBTs,  but  is  not  easily  achieved  for  AlGaAs/GaAs 
HBTs. 


Similar  measurements  were  performed  on  the  20  x  50  (|tm)2  emitter  DHBTs.  The 
common-emitter  I/V  curves  are  presented  in  Fig.  6.  The  DC  and  small  signal  gain  shows 
higher  gains  (as  high  as  ~850)  compared  with  the  previous  DHBTs,  but  the  breakdown 
voltages  were  lower,  V^gg  is  9.3V  while  V^gg  is  about  12.5  V. 

In  small  devices,  in  particular  the  smaller  of  our  devices,  and  at  collector  currents 
approaching  100mA  the  collector  currents  decreased  slightly  with  common-emitter  bias. 
This  is  caused  by  self-heating  in  the  device  and  the  negative  temperature  dependence  of 
the  current  gain  [6].  This  heating  is  dependent  on  the  current  density  and  the  thermal 
resistance.  Both  of  these  are  smaller  in  the  larger  of  our  devices 


4.  Conclusion 

We  have  designed  and  fabricated  high  gain  GalnP/GaAs  DHBTs  which  exhibit 

high  breakdown  voltages.  A  20  x  50  (|tm)2  emitter  device  showed  a  DC  and  small  signal 
gain  of  more  than  800.  A  constant  gain  of  around  400  over  more  than  five  order  of 

magnitude  of  the  collector  current  was  measured  for  a  50  x  50  (|tm)2  device.  This 
indicated  the  importance  of  the  composite  collector  design  and  the  passivation  of  the  base 
surface  in  increasing  the  gain  even  at  very  low  collector  currents,  while  keeping  the 
breakdown  voltages  high. 
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Fig.  1  :  Band  diagram  for  the  DHBT  layer  structure.  The  dashed  line  is  for  equilibrium 
and  the  solid  line  is  for  the  device  biased  at  VBE=1.0  ,  VCB=3.0V 


Fig.  2  :  Common  emitter  characteristics  for  a  50  x  50  (|im)2  emitter  DHBT  for  a  series  of 

base  currents 
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Fig.  3  :  The  common-base  characteristics  for  the  50x50  ([am)2  emitter  DHBT  for  the 

emitter  currents  indicated. 


Fig.  4  :  Gummel  plot  for  two  70x70  (pm)2  emitter  DHBTs.  The  passivated  device  had 
VCb=3.0V,  and  for  the  unpassivated  device  VCB  was  2.0V . 
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Collector  Current  (A) 


Fig.  5  :  The  DC  and  small  signal  gain  at  VCB=3.0V,  for  the  50  x  50  (jum)2  emitter  device. 


Fig.  6  :  Common-emitter  I-V  curves  for  a  20x50  (|tm)2  emitter  DHBT  for  the  indicated 

base  currents. 
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ABSTRACT 

A  new  analytic  formalism  describing  the  frequency  dependence  of  current  gain  and  power  gain 
of  HBTs  based  on  the  T-Model  equivalent  circuit  is  presented.  It  is  found  that  while  extrapolation 
serves  as  a  conservative  benchmark  for  HBT  high-speed  device  comparison,  it  often  significantly 
underestimates  the  actual  intercept  frequency  for  fr,  with  an  experimental  example  presented  here 
with  error  of  50%.  The  frequency  dependence  of  Gmax  shows  it  to  be  unsuitable  for  extrapolation 
to  find  /max,  while  extrapolation  of  Unilateral  Gain  (U)  will  generally  in  the  absence  of  resonances 
yield  accurate  values  for  /max-  The  conditions  for  resonance  and  resonance  ^uencies  for  U 
are  analytically  investigated  here,  and  new  analytic  expressions  are  developed  and  experimentally 
demonstrated  for  highly  accurate  determination  of  the  fr  and  /max  intercept  frequencies  of  HBTs. 


1  INTRODUCTION 

Heterojunction  Bipolar  Transistors  (HBTs)  have  recently  demonstrated  significant  advances  in 
measured  current  gain  and  power  gain  at  high  frequencies.  An  AlGaAs/GaAs  HBT  with  ballistic 
collector  design  has  exhibited  an  |/i2i|2  of  approximately  12.5  dB  at  25  GHz  [1],  and  unilateral  gains 
have  been  measured  exceeding  17.5  dB  at  40GHz  [2].  The  \h2i\2,U,  and  Gmax  unity  intercept 
frequencies  fr  and  /max,  respectively  for  these  and  other  state-of-the-art  devices  lay  well  beyond 
the  maximum  frequencies  of  currently  available  measurement  systems.  In  order  to  determine  St 
and  /max,  extrapolation  assuming  a  single  pole  roll-off  of  20  dB/decade  is  often  employed  from  the 
highest  frequency  for  which  gain  can  be  measured,  and  in  the  two  cases  cited  above,  yielded  both 
those  St  and  /max  values  above  100  GHz  and  300  GHz  respectively.  In  many  cases  for  HBTs; 
however,  |h2i|2,  Gmax  and  U  do  not  obey  a  single  pole  approximation  and  extrapolation  does 
not  yield  an  accurate  indication  of  the  actual  St  and  /max  intercepts,  but  merely  a  conservative 
benchmark  for  comparison  of  high-speed  devices.  There  have  been  many  reports  of  St  and  /max 
relationships  derived  for  HBTs,  but  they  have  relied  on  hybrid-pi  equivalent  circuit  topologies,  with 
most  being  single  pole  extrapolation  models  [3,4,5],  and  the  most  accurate  involving  transcendental 
expressions  requiring  iterative  or  numerical  solution  [6,7,8].  In  order  to  better  describe  HBT  gam 
roll-off  and  calculation  of  the  actual  intercept  frequencies  St  and  /max,  this  paper  presents  a 
new  formalism  based  on  the  T-model  equivalent  circuit  that  allows  analytic  determination  of  the 
frequency  dependent  current  gain  and  power  gain  roll-off  along  with  results  from  new  and  more 
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complete  expressions  for  fr  and  /max  that  take  into  account  coupling  between  various  charging 
times,  coupling  between  charging  and  transit  times,  and  the  effects  of  parasitic  elements  such  as 
inductances  and  other  series  access  components  that  are  not  included  in  traditional  expressions. 
The  analysis  is  then  used  to  investigate  analytic  techniques  for  HBT  optimization  and  conditions 
for  resonance  in  unilateral  gain. 

2.  DEVICE  FABRICATION 


The  experimental  results  presented  here  are  from  measured  S-parameters  of  self-aligned 
GaAs/AlGaAs  HBTs  fabricated  at  the  University  of  Michigan  using  an  MBE-grown  layer  structure 
with  1000  A  base  doped  1  •  1019/cm3  and  3000A  pre-collector  doped  5  •  1016/cm3.  The  base  ohmic 
metal  is  Pd/Zn/Pd/Au  and  is  self-aligned  to  the  emitter  using  a  dry  and  wet  etching  sequence  that 
creates  an  emitter  ohmic  overhang  profile  for  lift-off.  A  combination  of  trench  mesa  isolation  and 
hydrogen  (H+)  ion  implantation  are  used  to  isolate  parasitic  areas  from  the  active  device  region 
and  reduce  the  overall  device  dimensions.  Figure  1  shows  a  three  dimensional  technology  schematic 
of  a  typical  device  through  the  trench  isolation  step.  The  active  base-emitter  area  for  the  single 
emitter  finger  geometry  investigated  here  is  2/xm  x  10/zm,  and  the  devices  were  tested  using  a 
Cascade  prober  and  an  hp8510B  S-parameter  test  system  from  0.5GHz  to  25.5GHz. 

3.  EQUIVALENT  CIRCUIT  MODEL 

The  HBT  equivalent  circuit  model  used  for  this  work  is  shown  in  Figure  2.  It  is  a  conventional 
T-topoIogy  with  the  addition  of  a  distributive  capacitance  element  ( Cbx )  in  the  base  series  access 
impedance  [9].  The  base-emitter  impedance  is  represented  so  that  only  the  diffusion  capacitance 
( Cp )  and  base-emitter  resistance  (Rbe)  constitute  the  path  for  current  which  is  multiplied  by 
the  gain  term  a(u)  in  the  collector  branch.  The  base-emitter  depletion  capacitance  is  modeled 
as  a  parasitic  leakage  element  that  adds  displacement  current  between  base  and  emitter  at  high 
frequencies,  but  does  not  contribute  particle  current  in  the  form  of  minority  carrier  flow  in  the  base 
which  might  then  be  seen  at  the  collector[3j. 

4.  HBT  CURRENT  GAIN  ROLL-OFF 

The  gain  roll-off  behavior  of  HBTs  is  generally  thought  to  be  dominated  by  a  single  pole,  but 
closer  investigation  of  the  /i2i(s)  transfer  function  yields  a  slightly  more  complicated  picture  of 
coupled  transit  times,  charging  times  and  higher  order  combinations  of  equivalent  circuit  elements 
that  manifest  themselves  as  additional  zeros  and  poles.  For  various  combinations  of  these  equivalent 
circuit  values,  the  additional  poles  and  zeros  may  be  low  enough  in  frequency  to  distort  the  single 
pole  20dB/decade  slope  and  affect  the  current  gain  unity  intercept  fr-  In  order  to  calculate  the 
pole  and  zero  frequencies,  we  start  with  the  current  gain  expression  written  in  terms  of  s  =  ju  : 
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N(s)  ais)ZRc(s)  -  Zbe(s)  -  fg(g) _  (i) 

h2l(s)  =  W)  ~  Zbe(s)  +  ze(s)  +  Zbc(s)  +  zc(s)  -  a(s)ZBc(s) 

and  expand  N(s )  and  D(s)  out  into  polynomial  expressions  whose  roots  can  then  be  solved  for  in 

terms  of  w.  If  the  zeros  and  higher  order  poles  are  much  larger  in  frequency  than  the  first  order 

pole  (/mb),  then  extrapolation  will  predict  fT  accurately  and  it  may  be  expressed  as  : 

1  (2) 

ItExtrap  ~  PvfteB  —  2 ktec  ' 

TEC  is  the  total  forward  delay  for  the  device  and  may  be  expressed  as  : 


tec  = 


Cbc(Rbe  +  Re  +  Rc) 


at 


+  Rbe 


Cbe{  2 


ao 


Qo)  Cd_ 

Po 


+  tb 


1  + 


Mt)J 


+  rpcD  (3) 


where  rB  is  the  base  transit  time  and  tpcd  is  the  pre-collector  transit  delay.  Note  that  this  is 
slightly  more  complete  than,  but  reduces  to,  the  conventionally  accepted  form  of  rEC  for  the  case 

where  ao  =  1  : 


tec  =  CBc{Rbe  +  Re  +  Rc)  +  RbeCbe  +  rB  +  tPcd  W 

For  the  case  where  the  first  order  zero  (/zero)  is  lower  in  frequency  and  closer  to  the  first  order 
pole  (/MB),  then  its  presence  will  make  the  slope  of  the  |/i2i|2  curve  less  negative  and  extend  out 
the  actual  unity  intercept  fT.  An  example  of  this  effect  of  the  zeros  presence  at  lower  frequency  is 
shown  in  Figure  3.  The  /mb  and  fz„o  are  calculated  analytically  from  the  expanded  polynomial 
expression  of  equation  (1)  and  correspond  well  to  the  3dB  points  of  both  the  T-model  and  measured 

data. 

The  actual  fr  intercept  often  does  not  correspond  with  /text rap  ~~  2tttec  bcc^56  f  e 
low  frequency  positioning  of  and  so  for  the  calculation  of  the  actual  intercept  St  actual  ’  wc 
evaluate  the  condition  where  |M  =  1  and  solve  for  fT.  Based  on  the  expression  (1),  we  find  that 
/  =  fx  when  : 


Re  [a]  -  -  =  Re 


Zbe  +  ze  +  azC 


(5) 


Zbc  +  zc 

and  expanding  this  into  a  polynomial  expression  in  w,  we  are  able  to  find  a  complicated  but  direct 
and  analytic  expression  for  / Tactual • 

For  the  case  of  our  experimental  device  and  directly  extracted  equivalent  circuit  [10]  of  Figure 
3,  we  find  that  }tACtual  =  60.7 GHz.  As  a  matter  of  contrast,  extrapolation  can  produce  a  range 
of  numbers,  from  the  correct  extrapolation  from  /mb  of  !tEXtrap  =  30.6GHz  all  the  way  up  to 
36.3 GHz  depending  upon  which  of  the  measured  points  are  chosen  for  the  extrapolation.  It  will 
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always  be  true  that  extrapolation  will  not  overestimate  / Tactual  l°n6  ^  equivalent  circuit 

remains  valid  up  to  that  frequency)  but  will  generally  underestimate  / ‘tACtual  ancl  in  some  cases> 
significantly. 

As  an  investigation  of  the  extrapolation  accuracy,  our  reference  result  with  Cbc  =  0.064pF  was 
modified  in  order  to  see  the  effect  a  range  of  Cbc  values  on  /tExtrap  aQd  f Tactual  keeping  all 
other  element  values  the  same.  For  the  equivalent  circuit  investigated,  a  wide  range  of  extrapolation 
accuracy  is  seen  in  Figure  4  as  both  }tactual  ItExtrap  change  with  Cbc >  with  up  to  a  factor 
of  2  difference  between  the  two  at  Cbc  -  0.03pF.  At  small  CBc  values,  the  zero  frequency  is  very 
large  and  doesn’t  significantly  impact  the  single  pole  approximation  up  to  fr,  so  that  / tEXtrap  is 
very  close  to  the  actual  intercept.  As  Cbc  increases,  the  zero  frequency  starts  to  decrease  and  get 
closer  to  /textrap  »  so  that  f Tactual  is  extended  out  further  in  frequency  and  starts  to  increase 
to  a  peak  at  80.25  GHz  at  Cbc  =  0.03pF.  As  Cbc  increases  further  still;  however,  it  starts  to 
dominate  the  /z2i  expression  as  part  of  a  single  dominant  pole,  and  return  h2 1  to  a  valid  single  pole 
approximation,  with  JtActual  once  aSa'n  approaching  }tEXtrap- 

In  order  to  best  determine  the  extent  to  which  devices  are  near  optimum,  it  is  important  to 
evaluate  the  limitations  to  the  devices  behavior  and  figure  out  which  dominates  it.  For  the  HBT 
current  gain  intercept  at  fr,  we  can  determine  the  transit  time  limited  frT  by  assuming  all  the  RC 
charging  components  are  zero  and  likewise  for  the  RC  charging  time  limited  / trc  by  assuming  all 
its  transit  time  components  are  zero.  It  is  found  that  at  small  pre-collector  thicknesses,  /textrap 
is  dominated  by  its  RC  charging  terms  as  Cbc  becomes  large.  The  opposite  is  true  at  large 
Wbc  where  transit  time  becomes  large  and  dominates  fr-  The  use  of  analytic  expressions  for  these 
limitations  frRC  and  frT  allows  direct  optimization  to  maximize  JtExtrap  aQd  Itactval  by  looking 
at  what  limits  their  behavior  most  severely. 

5.  POWER  GAIN 


The  evaluation  of  power  gain  must  involve  both  the  unilateral  gain  ( U )  and  the  maximum 
available  gain  ( Gmax )■  Their  common  intercept  at  /max  may  be  evaluated  analytically  by 
expressing  unilateral  gain  for  the  HBT  T-Model  as 


U  = 


\qZbc I2 


(6) 


4  [Re[zB}Re[ZBE  +  ze  +  Zbc  +  zc  -  olZbc\  +  Re[ZBE  +  Z£\Re[ZBc  +  zc}} 

One  can  then  expand  it  into  a  polynomial  in  w  =  2 nf  and  find  the  frequency  at  which  it  goes  to 
1.  Figure  5  shows  the  measured  maximum  available  gain  and  unilateral  gain  and  their  excellent 
agreement  with  the  corresponding  power  gain  terms  of  the  T-model  which  intersect  almost  exactly 
at  the  analytically  calculated  /max  =  38.3 GHz.  Although  the  unilateral  gain  roll-off  is  fairly 
well  behaved  at  20dB/decade,  Gmax  deviates  significantly  from  a  single  pole  approximation  and 
extrapolation  for  this  parameter  is  generally  in  error.  Unilateral  gain  can  also  deviate  significantly 
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from  single  pole  behavior  as  transit  times  can  induce  resonances  and  cause  severely  non-ideal 
peaking  in  the  gain  as  the  denominator  of  equation  (6)  goes  to  0  [11].  The  condition  for  resonance 
to  occur  from  equation  (6)  is 


Cbc (R^[zb](R^[Zbe  +  ze]  +  Rc)  +  Re[ZBE  +  ze\Rc )  <  aoRe[zB\  (^jjr  +  tpcd j  (7) 

Figure  6  shows  the  experimental  result  with  Cbc  —  0.064pF  and  Rc  —  14.9G  along  with  its 
T-model  calculated  U  up  to  800GHz  and  because  it  fails  to  satisfy  the  condition  for  resonance  , 
does  not  exhibit  such  an  effect.  Once  Cbc  and  Rc  ate  decreased  to  0.01  pF  and  20  respectively, 
the  left  hand  side  of  equation  (7)  becomes  small  enough  to  satisfy  the  condition  and  a  significant 
resonance  shows  up  at  260  GHz.  These  conditions  for  resonance  and  the  extent  to  which  they  affect 
unilateral  gain  at  higher  frequencies  are  important  to  understand  and  predict. 

6.  CONCLUSION 

A  new  formalism  for  the  description  of  gain  roll-off  and  calculation  of  intercept  frequencies  fr 
and  / max  is  presented  along  with  results  verified  by  experimental  measurements  on  GaAs/AlGaAs 
self-aligned  HBTs.  Extrapolation  approaches  are  often  found  to  be  inaccurate,  but  always  in 
underestimating  performance,  and  still  serve  as  a  conservative  benchmark  for  comparison  of  device 
gain  at  higher  frequencies.  The  analytic  calculation  of  pole  and  zero  frequencies  is  used  to  explain 
non-idealities  in  gain  roll-off  for  |/i2i|2  and  provides  the  basis  for  accurate  extrapolation  criteria  in 
determining  fr-  Also,  the  behavior  of  resonance  in  unilateral  gain  is  expressed  analytically  based 
on  the  T-Model  equivalent  circuit  topology,  with  the  resonance  condition  derived  in  analytic  form. 
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•  Base  Metal  Self-Aligned  to  Emitter  Ohmic 

•  Combination  H+  Ion  Implantation/Trench 

Isolation 

•  2um  x  lOum  Single  Emitter  Finger  Geometry 

Figure  1  Technology  schematic  showing  typical  device  completed  through  the  trench 
isolation  process' step. 


Figure  2  HBT  T-Model  equivalent  circuit. 
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Figure  3  Magnitude  of  |h2i|2  as  a  function  of  frequency  showing  the  the 
effect  of  a  low  frequency  zero  in  extending  fj  out  further  in 
frequency,  the  actual  fr  intercept  frequency  UtACtual)’  the  extrapolated 
/textrap  and  the  typically  quoted  extrapolation  from  the  last  measured 
frequency  /tqUOted-  Because  extrapolation  only  underestimates  / tACtval> 

f Textrap  <  f? quoted  <  fTAcrvAi. • 


Figure  4  Effect  of  Cbc  on  both  the  extrapolated  and  actual  /r-  A  factor  of  two 
difference  between  the  two  is  achieved  at  Cbc  =  0.03pF 
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Figure  5  Power  gain  as  a  function  of  frequency  showing  the  unilateral  gain  ( U ),  and 
maximum  available  gain  ( Gmax )  along  with  the  excellent  agreement  to  its 
T-model  equivalent  circuit  and  common  unity  intercept  at  its  analytically 
calculated  f^fAx  ~  38.3 GHz 


frequency  (GHz) 

Figure  6  Unilateral  gain  vs.  frequency  with  no  resonance  in  measured  device  when 
theoretically  calaulated  out  to  800GHz.  Modifications  to  reduce  Cbc  and 
Rc  serve  to  force  the  resonance  condition  to  be  satisfied,  and  the  device 
resonates  at  fres  =  260 GHz. 
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AlGaAs/GaAs  MICROWAVE  POWER  HBTs 
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ABSTRACT 


Record  power  density  performance  of 
AlGaAs/GaAs  microwave  power 
heterojunction  bipolar  transistors  (HBTs) 
was  accomplished  through  the  use  of  novel 
design  and  fabrication  techniques. 
Therm  ally-stable  operation  of  HBTs  up  to 
their  electronic  limitation  (10  mW/(im2  output 
power  density  at  10  GHz  with  0.6  W  CW 
output  power,  7.1  dB  gain  and  60%  PAE) 
was  attained.  The  design  of  the  HBT  was 
based  on  a  detailed  electro-thermal  device 
analysis  which  revealed  the  necessity  to 
provide  an  effective  heat  transfer  path 
between  heat  sources  in  a  multi-emitter  power 
device.  Excess  heat  was  transferred  out  of 
the  device  using  thermal  shunt  and  thermal 
lens  techniques.  The  thermal  resistance  of 
the  device  was  lowered  by  a  factor  of  2.5-3 
compared  to  conventional  devices. 


I.  INTRODUCTION 


One  of  the  main  applications  of 
AlGaAs/GaAs  HBTs  is  power  generation  and 
amplification  at  microwave  frequencies.  The 
vertical  structure  of  an  HBT,  like  its  Si 
bipolar  junction  transistor  (BJT)  counterpart, 
results  in  highly  compact  devices.  This 
compactness,  when  coupled  with  large 
emitter  areas  (2-3  pm  emitter  finger  widths) 
resulting  from  low  base  sheet  resistance, 
produces  high  power  microwave  devices. 
Rapid  progress  has  been  made  in  this  area 
over  the  last  5  years  to  make  AlGaAs/GaAs 
HBTs  competitive  with  advanced  GaAs  FETs 
also  used  for  this  application.  High 


efficiency  and  high  power  [1-2]  operations 
have  been  demonstrated  with  discrete  devices 
up  to  Ku-band.  MMIC  applications  have 
also  been  demonstrated  up  to  X-band 
frequencies  [3-5]. 

All  power  HBTs  produced  to  date  have 
shown  thermally-limited  operation.  That  is, 
thermally  induced  instabilities  in  the  device 
set  the  highest  performance  limitations. 
These  thermal  instabilities  may  be  in  the  form 
of  high  junction  temperature  rise  causing 
device  burn  out  or  non-destructive  but 
performance  limiting  "current-crush"  effects 
[6].  The  electronic  limitations  of  GaAs 
HBTs  are  considerably  higher  than  thermal 
limits  as  demonstrated  by  substantial  power 
density  improvements  achieved  under  short 
pulse  operation  [7]. 

Electrothermal  analysis  of  conventional 
HBTs  fabricated  on  GaAs  substrates  has 
shown  that  "current-crush"  is  primarily 
responsible  for  the  thermal  limitations  of 
multi-emitter  finger  power  devices.  This 
instability  is  caused  by  the  negative 
temperature  coefficient  of  the  base-emitter 
voltage,  Vbe,  giving  rise  to  uneven 
distribution  of  base  current  among  emitter 
fingers.  After  a  certain  threshold  power  level 
(determined  by  parasitic  resistances  in  the 
device),  all  the  base  current  flows  through  a 
single  emitter  causing  a  drastic  increase  in  the 
temperature  of  this  finger,  i.e.  hot  spots. 
Ballast  resistors  are  commonly  used  with 
bipolar  transistors  to  increase  the  threshold  of 
instability  to  higher  values  [8].  This 
approach,  however,  lowers  the  already 
limited  microwave  gain  of  bipolar  transistors 
limiting  their  use  as  efficient  amplifiers  at 
higher  microwave  frequencies. 
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Recently,  a  thermal  shunt  technique  was 
developed  for  AlGaAs/GaAs  HBTs  to 
prevent  "current-crush"  [9].  This  technique 
relies  on  thermally  and  electrically  connecting 
all  emitter  fingers  of  a  power  transistor  to 
avoid  temperature  differential  between  them. 
Because  the  temperature  of  all  fingers  are 
kept  the  same  with  this  approach,  the  base 
current  distribution  is  also  uniform  thereby 
eliminating  the  occurrence  of  current-crush 
and  the  attendant  hot  spot  formation. 

This  paper  discusses  design  and  fabrication 
issues  related  to  thermally-stable  HBTs 
employing  "thermal  shunt"  and  "thermal 
lens"  techniques.  Although  these  techniques 
were  shown  to  stabilize  AlGaAs/GaAs  HBTs 
without  degrading  their  microwave 
performances,  they  are  equally  applicable  to 
all  other  bipolar  and  heterojunction  transistors 
including  Si  BJTs. 


II.  DESIGN  AND  FABRICATION 


The  samples  whose  epitaxial  layer  structures 
are  shown  in  Figure  1  were  grown  using 
Metal  Organic  Chemical  Vapor  Deposition 
(MOCVD).  Si  and  C  were  used  as  n  and  p- 
type  dopants.  The  base  layer  doping  was 
maintained  at  5  x  1019  cm'3  to  achieve  low 
base  sheet  resistance.  The  common-emitter 
current  gain  value  (6)  achieved  with  this 
doping  level  was  30.  A  rapid  drop  in  6 
beyond  5  x  1019  cmr3  prevented  the  use  of 
higher  doping  levels.  The  collector  layer  was 
1  pm  thick.  The  thickness  of  this  layer 
strongly  influences  the  current  gain  cutoff 
frequency,  fx,  and  device  breakdown 
voltage.  The  thickness  chosen  was  a 
compromise  to  maintain  both  values  high. 
The  collector  doping  level  was  chosen  to 
maximize  collector  current  density  while 
maintaining  full  collector  depletion  under 
high  bias  conditions.  An  Ino.5Gao.5As 
emitter  cap  layer  was  employed  with  all 
structures  to  facilitate  the  use  of  non-alloyed 
emitter  contacts.  The  emitter-base  junction 
was  not  intentionally  graded,  although  a 
transition  region  of  10  nm  may  be  present  at 


this  interface  due  to  finite  response  time  of 
gases  in  a  MOCVD  system. 


Figure  1.  HBT  structure:  material,  doping 
concentration  and  thickness. 

Several  device  layout  configurations  were 
investigated.  Common  to  all  designs  was  the 
emitter-base  contacts,  which  were  self- 
aligned  to  maximize  microwave  gain 
performance.  The  emitter  of  all  devices  was 
made  of  a  parallel  connection  of  multiple 
emitter  discs  arranged  linearly.  As  shown  in 
Figure  2a,  base  contacts  completely  surround 
each  emitter.  The  diameter  of  emitter  discs 
was  constant  within  a  given  device  but  was 
varied  between  2  and  3  4m  from  device-to- 
device.  The  spacing  between  emitter  discs 
was  kept  the  same  as  the  diameter.  Collector 
contacts  were  spaced  1.5  pm  from  the  edge 
of  the  base  contact  and  surrounded  it  on  3 
sides.  An  oxygen  ion  implantation  was  used 
to  convert  all  areas  outside  of  the  active 
device  to  semi-insulating.  Note  that  both 
base  and  collector  contacts  extend 
continuously  from  the  active  area  to  implant 
isolated  areas  to  facilitate  electrical  contacts 
between  device  terminals  and  bonding  pads. 
Emitter  discs  were  connected  in  parallel  using 
a  thick  air  bridge  metal  as  shown  in  Figure  2. 
This  bridge  was  extended  over  to  the  isolated 
region  and  was  terminated  in  large  metal 
pads.  As  will  be  discussed  below,  thick  air 
bridges  used  as  pads  on  GaAs  acted  as 
effective  heat  spread  areas.  The  ratio  of  heat 
spread  to  emitter  areas  was  typically  20. 
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Figure  2a.  Layout  of  the  HBT  having  n  base  fingers 
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Figure  2b.  xx‘  cross-sectional  view  of  n  base  firgers  of  the  device 
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Figure  2c.  yy'  cross-sectional  view  through  the  center  of  the 
center  of  the  base-collector  mesa  and  emitters. 


Figure  3a.  The  HBT  structure  after  the  collector  etch  and  metal  deposition. 


Figure  3b.  Emitter  and  base  metal  contacts  and  associated  undercut  of  the  emitter  layer. 


Ion  Implantation  Ion  Implantation 


Figure  3c.  Ion  implantation  of  inactive  areas  and  base  trim  etch. 


Figure  3d.  Pad  metal  deposition  and  polyimide  planarization. 


Figure  3e.  Gold  heat  sink  securely  contacting  the  emitters  and  supported  by  polyimide. 
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Cross-sectional  views  of  thermally-stabilized 
HBTs  are  shown  in  Figures  2b  and  2c. 

Device  fabrication  began  with  collector 
lithography  and  wet  chemical  etch  to  the  sub¬ 
collector  layer.  Standard  ohmic  metal 
Ni/Ge/Au/Ni/Au  was  deposited  and  alloyed 
in  a  rapid  thermal  annealer  at  420°C  for  15 
seconds.  The  resulting  structure  is  shown  in 
Figure  3a.  The  collector  contact  is  the  only 
alloyed  contact  in  this  design.  To  avoid  any 
possible  degradation  of  the  exposed  emitter- 
base  junction  or  emitter  and  base  contacts 
during  high  temperature  alloying,  the 
collector  contact  was  fabricated  first.  The 
wafer  was  not  subjected  to  temperatures 
higher  than  250°C  for  the  rest  of  processing. 

The  gold  emitter  contacts  were  electroplated 
to  a  height  of  1  pm  and  centered  on  the  base- 
collector  mesas.  InGaAs  provided  an 
excellent  seed  layer  for  electroplating.  The 
emitter  material  surrounding  the  emitter 
contacts  was  etched  using  citric 
acid/hydrogen  peroxide  based  chemical 
etching.  A  citric:peroxide  ratio  was  chosen  to 
minimize  selectively  between  InGaAs  and 
GaAs  and  to  optimally  undercut  the  emitter 
metal  [10].  TiPtAu  base  contacts,  self- 
aligned  to  the  emitter  metal,  were  then 
deposited  as  shown  in  Figure  3b.  The  active 
device  areas  were  isolated  using  oxygen 
implantation  of  the  material  between  devices 
as  well  as  a  trim  etch  to  remove  the  top 
1500 A  of  the  implanted  surface.  A  thin  layer 
of  Si3N4  was  deposited  across  the  wafer  and 
then  etched  using  a  CF4/O2  plasma  to  leave  a 
thin  Si3N4  passivation  layer  on  the  sidewalls 
on  the  emitter/base  periphery.  Ti/Au  pad 
metal  was  then  deposited  on  the  inactive 
surface  to  provide  electrically  probable 
contacts  to  the  base  and  collector  metal.  The 
resulting  device  structure  is  shown  in  Figure 
3c. 

The  final  processing  steps  were  planarization 
and  heat  sink  formation.  The  wafer  was 
planarized  by  applying  a  3  pm  layer  of 
DuPont  polyimide  (PI-2555)  to  the  wafer.  PI 
was  etched  in  the  Reactive  Ion  Etcher  (RIE) 
using  an  oxygen  plasma  to  expose  the  top 
surface  of  the  emitter  contacts  shown  in 
Figure  3d.  An  evaporated  Ti/Au  seed  layer 


provided  continuity  for  electroplating  posts 
and  the  gold  heat  sink  bridge  to  the  emitter 
contacts.  The  posts  were  3  pm  tall  and  the 
heat  sink  bridge  was  electroplated  to  a 
thickness  of  22  pm.  The  final  HBT  structure 
is  shown  in  Figure  3e.  An  SEM  picture  of  a 
completed  250  pm2  emitter  area  device  is 
shown  in  Figure  4. 


Figure  4.  SEM  photo  of  a  250  pm2  power  device. 


III.  THERMAL  ANALYSIS 


Thermal  limitations  of  an  HBT  can  be 
reached  due  to  self-heating  under  high  bias 
conditions  which  may:  (a)  cause  long-term 
reliability  problems  (mostly  at  metal 
contacts),  (b)  degrade  its  electronic 
properties,  or  (c)  cause  thermal  runaway. 
The  first  two  limitations  require  temperature 
rise  of  at  least  300°C  to  be  significant, 
whereas  the  third  limitation  can  occur  at  much 
lower  temperatures. 

The  device  layout  and  size  are  important 
factors  in  determining  which  thermal 
limitation  is  the  dominant  mechanism.  The 
bias  of  single-emitter,  small-area  devices  can 
be  increased  until  a  critical  junction 
temperature  is  reached,  beyond  which  the 
device  reliability  is  unacceptable.  Thermal 
limitations  of  multi-emitter  microwave  power 
devices,  however,  is  determined  by  the  onset 
of  the  thermal  runaway  condition  [6].  This  is 
illustrated  in  Figure  5,  where  electrical  and 
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Figure  5.  Cross-sections,  electrical  and  thermal  models  of  conventional  and  thermally- 
stabie  HBTs. 


thermal  models  of  a  conventional  multi¬ 
emitter  HBT  are  shown. 

In  the  electrical  model,  each  cell  corresponds 
to  a  single  emitter  finger,  base  finger  and 
collector  of  a  multi-finger  device.  Each  set  of 
terminals  of  the  HBT  (emitters,  bases  and 
collectors)  are  electrically  connected.  Due  to 
the  negative  temperature  dependence  of 
V  be(on)i  the  electrical  and  thermal 
characteristics  are  codependent. 

The  thermal  model  of  the  conventional  device 
in  Figure  5  shows  that  the  excess  heat  from 
each  part  of  the  device  is  dissipated  through 
thermal  resistors  Rthi---Rth4-  Since  very 
little  cross-coupling  exists  between  these 
resistors,  the  temperature  of  each  element  is 
independently  determined  by  the  local  bias 
conditions.  Because  all  terminals  of  the 
device  are  electrically  connected  in  parallel, 
the  base  current  distribution  to  each  element 
is  a  function  of  the  local  temperature. 
Negative  temperature  coefficient  of  base- 
emitter  turn-on  voltage,  Vbe(on)i  can  cause  a 
local  increase  in  base  current  (and  therefore 
collector  current)  in  the  hotter  parts  of  the 
device.  The  increased  bias  current  in  these 
regions  can,  in  turn,  increase  the  local 
temperature  even  further.  This  positive 
feedback  mechanism  can  result  in  thermal 
runaway  in  bipolar  transistors.  However, 
because  of  the  negative  temperature 
dependence  of  current  gain,  thermal  runaway 
in  GaAs  HBTs  does  not  always  result  in 
device  bum  out.  Instead,  a  "current-crush"  is 
observed,  where  the  collector  current 
suddenly  drops  [6],  A  device  operating  in  a 
"current-crush"  mode  develops  local  hot 
spots  within  the  device  affecting  device 
reliability.  Further,  the  dc  and  microwave 
performance  of  such  a  device  is  severely 
degraded  [6]. 

As  an  alternative  to  ballast  resistors,  thermal 
shunt  resistors  can  be  used  between  emitters 
of  a  power  transistor,  as  shown  in  Figure  5. 
A  thermal  shunt  between  emitters  is 
fabricated  using  thick  metal  air  bridges,  such 
that  the  thermal  resistance  of  the  shunt 
resistors  is  very  small  compared  with  the  heat 
sink  resistance.  The  electrical  model  of  a 
thermally-stable  transistor  is  identical  to  that 


of  conventional  devices.  Thermal 
characteristics  are,  however,  significantly 
different,  as  shown  in  Figure  5.  Because  of 
the  presence  of  the  thermal  shunt  between 
emitter  elements,  the  device  temperature  is  the 
same  at  all  points.  This  in  turn  dictates  a 
uniform  base  current  distribution. 

Thermal  stabilization  of  the  power  device 
removes  the  "current-crush"  related  thermal 
limitation.  The  CW  performance  of  such  a 
device  is  similar  to  that  found  with  single 
emitter  and  small  area  devices  operating  at  the 
same  bias  conditions.  Low  thermal 
conductivity  of  GaAs,  however,  severely 
limits  the  heat  removal  rate  from  the  active 
device  area.  The  overall  thermal  resistance  of 
the  device  now  becomes  the  thermal 
limitation.  To  lower  the  thermal  resistance  of 
our  devices,  we  have  employed  heat 
spreaders  at  the  ends  of  thermal  shunt  bridges 
(see  Figure  2a).  In  this  design,  the  majority 
of  the  excess  heat  is  removed  through  the 
emitter  metal,  thermal  shunt  bridge,  and 
thermal  resistors  Rsi  and  RS2-  Because  the 
heat  sink  area  is  considerably  larger  than  the 
emitter  area,  and  the  heat  path  from  the  device 
to  the  heat  sinks  is  all  metal,  this  technique 
produces  an  apparent  increase  in  heat  sink 
area  of  the  device  active  area.  Such  a 
magnification  of  the  heat  sinking  area  is 
termed  "thermal  lens"  technique. 


IV.  RESULTS  AND  DISCUSSION 


Typical  Gummel  plots  and  common-emitter  I- 
V  characteristics  of  a  150  |im2  emitter  area 
device  with  3  |im  diameter  emitter  discs  are 
shown  in  Figures  6  and  7,  respectively.  The 
current  gain  value  obtained  with  small  emitter 
area  devices  (microwave  devices)  was  almost 
the  same  as  that  obtained  with  large-area 
devices  (DC  devices).  This  insensitivity  of 
current  gain  to  emitter  periphery/area  ratio  is 
indicative  of  reduced  recombination  current 
density  at  the  perimeter  of  the  emitter  mesa 
and  close  to  the  surface  of  the  base  layer. 
The  temperature  coefficient  of  emitter-base 
(Vbe)  turn-on  voltage  was  measured  to  be 
between  -1.95  and  -2.05  mV/°C,  nearly 
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resistance  of  the  same  device  without  the 
thermal  bridge  was  estimated  to  be  2.5  to  3.0 
times  higher  than  this  value.  Emitter 
resistances  of  various  size  devices  were 
measured  using  the  "open-collector"  method 
on  a  curve  tracer.  It  was  found  that  the 
emitter  resistance  (contact  resistance  plus 
bulk  emitter  resistance)  was  2.6  x  10~6  £2- 
cm2  of  emitter  area  and  scaled  well  with 
emitter  area.  This  value  of  emitter  resistance 
is  too  small  to  function  as  a  ballast  resistor 
for  HBTs  [8], 

Small-signal  measurements  were  made  using 
an  HP8510C  automatic  network  analyzer. 
On- wafer  tests  of  the  devices  in  the  frequency 
range  from  500  MHz  to  62.5  GHz  showed 
the  current  gain  cutoff  frequency,  fx  to  be  35 
GHz.  The  maximum  frequency  of 
oscillation,  fmax  was  50  GHz.  These 
measurements  were  determined  from  the 
computed  Ih2 1 12  and  unilateral  power  gain 
curves.  The  devices  were  biased  at  Vce  =  3 
V  and  Ic  =  2  x  104  A/cm2. 


Figure  6.  Gummel  plot  of  a  60  pm2  device. 


Figure  7.  DC  characteristics  of  the  thermally- 
stabilized  HBT. 

independent  of  device  size  and  base  current. 
Temperature  dependent  variation  of  Vbe  was 
used  to  estimate  the  thermal  resistance  [11]. 

A  total  thermal  resistance  of  a  60  pm2  emitter 
area  device  with  3  pm  emitter  discs  mounted 
in  test  fixtures  with  silver  epoxy  was 
measured  as  350°C/W.  The  thermal 


Large-signal  measurements  at  3,  7.5  and  10 
GHz  were  performed  on  carrier-mounted 
devices  of  various  sizes.  Off-chip  coaxial 
mechanical  tuners  were  used  to  match  the 
input  and  output  impedances  of  the  devices. 
The  results  shown  in  Table  1  were  obtained 
with  devices  operating  under  common-emitter 
mode  with  VCE  =  13V.  It  is  seen  that  the 
power  density  is  the  highest  for  smaller  area 
devices  due  to  more  effective  heat  sinking. 
The  output  power  density  of  devices  was  in 
the  range  of  9-10  mW/pm2  of  emitter  area  for 
CW  output  powers  up  to  600mW  at  10  GHz. 
Similar  power  densities  were  obtained  at  3 
and  7.5  GHz,  but  with  higher  power  gain.  A 
maximum  power  density  of  10  mW/pm2  was 
obtained  at  10  GHz  with  0.6  W  CW  output 
power  and  60%  power-added  efficiency 
(PAE).  The  same  device,  when  tuned  for 
best  efficiency,  produced  67.2%  PAE 
(81.4%  collector  efficiency)  with  0.56  W 
CW  output  power  and  7.6  dB  gain.  The 
power  density  under  this  condition  was  9.3 
mW/pm2.  The  collector  current  density  and 
the  estimated  junction  temperature  at  this 
operating  condition  were  9.5  x  104  A/cm2 
and  49°C,  respectively.  The  current  density 
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was  limited  by  the  onset  of  the  Kirk  effect. 
The  junction  temperature  rise  was  low 
because  of  effective  heat  spreading  and  high 
collector  efficiency. 


Table  1.  Microwave  performance  of  discrete  HBTs. 


Emitter 

Feature 

Size 

(Mm) 

Total 

Emitter 

Area 

(pm  2) 

Freq. 

(GHz) 

Qain  (dB) 

Power 

Output 

<W) 

Powar 

Danstty 

PAE 

<*> 

2 

30 

3.0 

12^ 

OJ27 

9.0 

60.6 

2 

75 

7JS 

7.6 

0.63 

84 

46.8 

2 

250 

7S 

4.3 

1.76 

7.0 

36.0 

2 

250 

7.5 

7 4 

1.50 

6.0 

5Z0 

3 

600 

7  JS 

34 

2.52 

31.8 

3 

600 

7.5 

54 

2.50 

AJ2 

40.1 

3 

60 

10.0 

7.6 

0.56 

9.3 

67.2 

3 

60 

10.0 

7.1 

0.60 

10.0 

60.0 

The  highest  output  power  achieved  was  2.5 
W  at  7.5  GHz  with  a  600  p.m2  device.  The 
power  density  of  this  device  was  thermally 
limited  to  4.2  mW/pm2  because  of  lower 
collector  efficiency,  which  is  mostly  a  result 
of  the  limited  tuning  range  of  the  microwave 
test  system  used.  However,  the  power 
density  is  still  considerably  higher  than  any 
previous  HBTs  with  similar  output  levels. 


IV.  CONCLUSIONS 


Design  and  fabrication  techniques  were 
developed  for  AlGaAs/GaAs  microwave 
HBTs  to  eliminate  thermal  instabilities 
associated  with  high  power  operation.  The 
use  of  a  thermal  shunt  across  emitter  contacts 
of  a  multi-emitter  HBT  was  shown  to 
eliminate  "current-crush"  effects.  A 
significant  reduction  was  achieved  in  the 
thermal  resistance  of  devices  by  spreading  the 
heat  over  a  larger  area  using  thermal  lens 
techniques.  With  these  design  features 
applied  together,  we  have  demonstrated 
thermally-stable  operation  of  AlGaAs/GaAs 
HBTs  up  to  their  electronic  limitations.  A 
record  power  density  of  10  mW/|im2  of 
emitter  area  was  achieved  with  0.6  W  CW 


output  power  and  60%  power-added 
efficiency  at  10  GHz.  The  thermal 
stabilization  technique  developed  is  applicable 
to  all  other  bipolar  transistors. 
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ABSTRACT 


Many  millimeter-wave  mixers  and  frequency  multipliers  today  still  employ  a  whisker 
contacted  Schottky  diode  as  the  nonlinear  device.  In  order  to  reduce  the  risk  and 
assembly  cost  associated  with  these  critical  receiver  components  for  NASA’s  present 
and  future  space  missions,  the  authors  have  developed  a  novel  fabrication  procedure 
that  integrates  a  planar  Schottky  diode  with  the  mixer  circuitry  thus  greatly  simplifying 
the  assembly  and  testing  of  the  diode  circuits.  The  process  and  DC  results  obtained 
so  far  will  be  discussed  along  with  some  preliminary  RF  results  at  200  GHz. 


INTRODUCTION 

Present  generation  NASA  space-borne  instruments  employing  millimeter-wave 
radiometers,  such  as  the  Microwave  Limb  Sounder(MLS)  operating  on  the  Upper 
Atmosphere  Research  Space  Satellite(UARS),  use  whisker  contacted  Schottky  diodes 
in  both  the  mixer  and  frequency  multiplier  circuitry.  However,  the  delicate  nature  of 
the  whisker  contact  decreases  the  reliability  of  the  instrument.  Recently,  it  has  been 
shown  that,  at  least  up  to  350  GHz  planar  integrated  diodes  perform  as  well  as 
whisker  contacted  diodes  [1,2,3]  and  it  is  believed  that  the  next  generation  of  space- 
borne  instruments  will  utilize  this  advancement  in  technology.  Though  mounting  of 
the  planar  diode  chip  in  the  mixer  circuit  is  not  as  labor  intensive  as  the  contacting 
of  a  whisker  diode  ,  it  is  still  not  a  trivial  task.  The  planar  diode  chips  are  typically 
150x50  microns  and  require  some  expertise  in  order  to  place  them  correctly  in  a 
given  circuit. 

In  order  to  alleviate  this  problem  we  have  suggested  integrating  the  Schottky  device 
with  additional  mixer  filter  circuitry  which  makes  it  easier  to  handle  as  the  device  is 
now  a  part  of  a  much  larger  structure.  Unfortunately,  GaAs  does  not  lend  itself  as 
readily  to  typical  waveguide  mixer  circuitry  and  generally  quartz  is  preferred.  In  this 
paper  we  discuss  the  procedure  that  has  been  developed  to  combine  the  planar 
GaAs  Schottky  diode  with  the  mixer  quartz  filter  circuitry  thus  resulting  in  a 
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mechanically  robust,  easy  to  handle  structure.  Initial  DC  and  RF  results  will  also 
be  discussed. 


PROCESS  DEVELOPMENT 


At  higher  frequencies  it  is  believed  that  losses  due  to  the  GaAs  substrate  can 
degrade  performance.  The  process  that  was  designed  to  fabricate  these  Schottky 
diodes  removes  all  of  the  GaAs  on  the  chip  except  under  the  Schottky  and  ohmic 
contacts.  It  has  been  demonstrated  at  the  University  of  Virginia  that  thinned  substrate 
devices  can  be  transplanted  on  to  quartz  using  UV  cured  optical  cement  [4], 
However,  that  exact  process  can  not  be  replicated  in  our  case  since  the  heavily 
doped  layer  of  GaAs  extending  all  the  way  in  the  waveguide  channel  will  be  highly 
detrimental  to  the  circuit’s  RF  performance.  In  our  method,  once  the  devices  and 
the  associate  circuitry  is  fabricated  on  the  GaAs, the  wafer  is  mounted  upside  down 
on  the  quartz  plate  with  a  UV  curable  optical  cement.  Once  the  GaAs  substrate  has 
been  completely  removed  the  mixer  filter  structures,  which  include  the  planar 
Schottky  diode  can  be  diced  and  tested.  Though  we  believe  that  this  process  is 
portable  to  other  planar  devices  thus  far  we  have  only  investigated  it  for  the 
fabrication  of  the  220,440,  and  640  GHz  subharmonically  pumped  waveguide  mixers. 
This  mixer  uses  a  split  block  waveguide  circuit  with  a  single  quartz  insert.  The 
circuitry  that  is  integrated  with  the  planar  diode  consists  of  two  in-line  hammerhead 
filters,  signal  and  LO  coupling  probes,  and  a  DC  return  for  diode  biasing  and 
monitoring.  Details  of  the  block  and  the  filter  structures  are  presented  in  [2].  The 
salient  steps  of  the  fabrication  process  are  detailed  below. 

1.  200-400  nm  of  Silicon-dioxide  is  deposited  via  an  Electron  Cyclotron 
Resonance(ECR)  machine,  Fig.  1  (a). 

2.  Holes  are  opened  lithographically  in  the  oxide  and  the  epilayer  is  etched  until 
contact  to  the  n+  layer  is  made.  The  same  mask  is  used  to  etch  the  oxide  and  the 
GaAs  and  then  lift-off  the  ohmic  contact  metal,  Fig.  1(b). 

3.  The  Schottky  metal (Ti/Pt/Au)  is  evaporated,  Fig.  1(c).  Optical  lithography 
is  used  for  anode  diameters  of  1.0  micron  or  more.  At  600  GHz,  submicron  anodes 
are  required  and  direct-write  E-beam  will  be  used. 

4.  The  filter  pattern  is  deposited  as  Cr/Au  including  the  anode  contact  fingers 
on  the  planar  Schottky  diodes  which  are  in  an  antiparallel  configuration,  Fig.l(d). 
The  metal  is  electroplated  up  with  gold  to  at  least  three  skin  depths  at  the  desired 
operating  frequency. 
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5.  The  devices  are  electrically  isolated  by  etching  a  channel  under  the  anode 
fingers  through  to  the  GaAs  buffer  layer.  The  etchant  used  is  sensitive  to  the  crystal 
direction  and  undercuts  the  fingers  without  etching  the  GaAs  surrounding  the 
Schottky  anode,  Fig.  1(e).  This  technology  was  developed  at  the  University  of 
Virginia  and  is  discussed  in  [4], 

6.  The  processed  GaAs  wafer  is  bonded  device  side  down  on  the  quartz  plate 
which  at  200  GHz  is  150  micron  thick.  The  wafer  is  held  via  a  commercially 
available  UV  cured  optical  adhesive  ,  Fig.  1(f). 

7.  The  semiconductor  substrate  is  removed  by  first  lapping  it  down  mechanically 
to  about  50-100  micron  and  then  etching  it  in  a  selective  etch  which  stops  when  the 
AIGaAs  layer  is  exposed,  Fig. 1(g). 

8.  The  remaining  GaAs  on  the  backside  of  the  device  is  completely  removed, 
except  in  the  area  around  the  Schottky  diode.  This  is  accomplished  using  reactive 
ion  etching.  It  is  important  to  use  a  dry  etch  at  this  point  in  order  to  avoid  severe 
undercut  and  a  drastic  reduction  in  the  yield,  Fig.  1(h). 

Once  the  GaAs  from  the  back  is  completely  removed  the  filter  structures  can  be 
diced  and  placed  in  the  waveguide  block  for  testing.  Fig.  2  shows  the  completed 
device  both  (a)  the  metal  side,  and  (b)  the  quartz  side.  Fig.  3  shows  a  SEM  of  a 
portion  of  the  filter  used  at  200  GHz. 


RESULTS 


The  diode  structure  that  has  been  designed  and  fabricated  has  a  100  nm  top  GaAs 
epilayer  doped  at  4.0E17  cm'3  followed  by  a  3.0  micron  thick  heavily  doped 
(2E18  cm'3)  GaAs  layer.  The  buffer  layer  is  undoped  GaAs  and  700  nm  thick. 
Finally  the  etch  stop  layer  is  AIGaAs(AI  =  55%)  and  is  400  nm  thick.  The  substrate 
is  semi-insulating.  The  diodes  produced  from  this  layer  structure  have  typically  1 
micron  diameter  anodes  with  an  ideality  factor  of  1.4,  saturation  current  of  5.E-14  A, 
series  resistance  of  13-16  ohms  and  a  barrier  height  of  approximately  1.05  eV. 

With  discrete  GaAs  devices  of  similar  layer  structures  we  have  obtained  single 
sideband  noise  temperatures  of  less  than  2000  K  in  our  waveguide  mixer  block  [2], 
However,  for  the  devices  already  integrated  with  the  filters  the  best  results  to  date 
have  been  a  noise  temperature  of  10,000  K.  Moreover,  the  LO  power  required  to 
drive  the  unbiased  diode  pair  is  much  larger  (6-8  times)  than  the  power  required  for 
the  discrete  devices.  We  believe  the  poor  performance  of  the  integrated  devices  is 
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caused  by  two  as  yet  unresolved  fabrication  problems.  First,  the  integrated 
structures  have  exceptionally  high  pad-to-pad  capacitance  (larger  than  30  fF).  This 
accounts  for  the  poor  LO  coupling  and  much  of  the  high  noise  temperature. 
Second,  the  diode  ideality  factor  and  saturation  current  are  higher  than  expected  (the 
better  discrete  diodes  have  an  ideality  factor  of  1.2  and  saturation  current  of  less 
than  1.E-15  A).  Efforts  are  currently  underway  to  correct  these  shortcomings. 


CONCLUSIONS 


A  fabrication  method  has  been  discussed  and  demonstrated  that  integrates  a  planar 
air-bridge-type  Schottky-diode  pair  with  associated  quartz  mixer  circuitry.  This 
procedure  will  allow  diode  circuitry  to  be  used  at  frequencies  too  high  to  allow  a 
separate  diode  chip  to  be  used.  The  Schottky  diodes  obtained  via  this  process  have 
so  far  had  poor  DC  characteristics  and  large  parasitic  capacitance  which  have  limited 
the  RF  performance.  Efforts  are  underway  to  resolve  these  problems  so  better  RF 
performance  can  be  obtained. 
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Fig  3.  A  portion  of  the  mixer  hammerhead  filter  and  the  planar  back-to-back 
Schottky  diode  medullization  side  facing  up.  The  structure  is  ready  to  be  mounted 
in  a  waveguide  block. 
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Abstract 

LT-GaAs  MISFETs  had  been  realized  indicating  a  record  2.7W/mm  RF  power  handling 
capability.  To  optimize  such  LT-GaAs  power  MISFET  structures,  the  MIS  system  containing  a 
LT-GaAs  insulator  and  an  AlAs  interfacial  diffusion  barrier  to  the  channel  has  been  analysed.  A 
noticeable  parallel  conductance  was  found  in  the  insulator  which  is  thought  to  be  one  of  the  key 
parameters  to  realize  high  gate  to  drain  breakdown  voltages.  This  conductivity  however  leads  also 
to  a  gm-dispersion  in  the  MHz  range.  Locus-curves  of  this  system  demonstrate  a  higher  resistivity 
in  the  AlAs  layer  than  in  the  LT-GaAs  layer,  indicating  that  the  simple  model  of  a  single  lossy 
capacitance  does  not  describe  the  MIS  diode  completely .  An  extended  electronic  equivalent  circuit 
for  use  in  the  FET  model  has  been  established. 


1.  Introduction 


Low  Temperature-GaAs  layers,  grown  at  extremly  low  temperatures,  containing  a  large  amount 
of  excess  As,  have  been  successfully  used  as  gate  insulator  or  surface  passivation  in  GaAs  FET 
structures.  Both,  high  gate-drain  and  high  drain-source  breakdown  voltages  had  been  shown  [1], 
leading  to  a  record  power  capability  of  1.57W/mm  for  GaAs  based  FETs  at  1.1  GHz  [2]. 
Additionally  very  high  drain  to  source  breakdown  voltages  had  been  shown  at  full  current  [3]. 


Figure  1 :  DC-output  characteristics 
of  record  LT-GaAs  power 
MISFET  structure 

Idmax  =720mA/mm 

Udsmax=34V 
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Our  recent  results  shown  in  figure  1  indicate  2.7W/mm  RF  power  are  feasible.  Gate-Drain 
breakdown  voltages  above  50V  are  observed  independent  of  the  doping  concentration  in  the 
channel  as  shown  in  figure  2.  A  detailed  overview  of  the  material  properties  and  its  applications  is 
found  in  [4,5],  This  indicates  that  the  limitation  of  the  output  power  capability  predicted  by  the 
lateral  spreading  model  in  MESFETs  [6]  is  not  applicable  in  such  devices  and  therefore  further 
improvements  seem  to  be  possible. 

Using  a  LT-GaAs  insulating  layer  in  GaAs  MISFETs  an  interfacial  diffusion  barrier  has  to  be 
introduced  to  avoid  As-outdiffusion  from  the  LT-GaAs  insulator  into  the  channel  [7],  The 
commonly  used  AlAs  diffusion  barrier  is  part  of  the  insulating  layer  system.  Nevertheless,  many 
details  concerning  the  MIS  structure,  composed  of  Ti/Pt/Au,  LT-GaAs-insulator,  AlAs-barrier 
and  the  n-doped  channel,  are  still  controversy.  Therefore  important  device  related  parameters  have 
to  be  investigated  in  order  to  obtain  information  on  the  mode  of  operation  in  FET-structures.  This 
study  focuses  on  the  electrical  properties  of  the  insulator  and  an  equivalent  circuit  describing  the 
LT-GaAs/AlAs  insulating  layer  system. 


Figure  2:  Gate-Drain-breakdown 

characteristics  of  MISFET 
structure 

Current  limitor  is  set  at 
ImA/mm 


MISFETs  are  of  special  interest  for  power  applications  due  to  suppressed  gate  leakage  current  and 
therefore  high  gate  breakdown  voltage  independent  of  the  channel  doping.  However  GaAs 
MISFETs  can  only  operate  in  the  depletion  mode  due  to  the  insulator  interface  potential  pinning. 
Therefore,  typical  problems  of  these  devices  are  a  low  transconductance  and  instabilities  due  to 
charging  of  the  interface  states,  which  are  insulated  from  the  gate  electrode  by  the  dielectric 
insulator.  In  the  case  of  the  LT-GaAs  insulator  system  a  noticeable  leakage  current  is  observed, 
comparable  to  the  Deep  Depletion  MISFET-case  using  a  silicon  rich  silicon  nitride  insulating  layer 
[8].  This  controled  leakage  is  also  thought  to  be  one  of  the  key  reasons  for  the  large  gate-drain 
breakdown  voltage  shown  in  figure  2. 


2.  Device  Structure  and  Fabrication 

The  investigated  MIS  structures  contain  a  silicon  doped  GaAs-channel  and  the  insulator, 
consisting  of  a  20nm  AlAs  diffusion  barrier  and  a  80nm  LT-GaAs  top  layer.  The  250nm  thick 
channel  was  lxl017cnr3  silicon  doped. 
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All  structures  had  been  grown  in  a  Riber  32P  MBE  system  on  (100)  semi-insulating  LEC  GaAs 
substrates.  The  600nm  GaAs-buffer  layer  and  channel  layers  have  been  grown  under  standard 
MBE  conditions.  After  growing  the  AlAs  layer  at  680°C  the  growth  was  interrupted  and  the 
substrat  cooled  down  to  200°C,  the  growth  temperature  of  the  LT-GaAs,  determined  by 

thermocouple  reading.  _  ,  , 

Structures  had  been  insulated  by  wet  chemical  mesa  etching.  Ohmic  contacts  were  made  by 
evaporating  and  alloying  Au/Ge/Ni  after  removing  the  LT-GaAs  and  AlAs  layers  by  selective  wet 
chemical  etching  and  lift-off.  Finally  Ti/Pt/Au  Schottky  gate  contacts  have  been  deposited  by  e- 
beam  evaporation.  The  size  of  the  Schottky  contact  in  this  FATFET-like  structure  was 

20(tmx  100(im. 


3  Models 

At  RF  the  LT-GaAs/ AlAs  MIS  diode,  representing  a  bias  dependent  network  of  RC-components, 
can  be  characterized  by  its  impedance  Z(co)  or  admittance  Y(a>)  in  the  complex  plane,  the  so-called 
locus-curves.  The  MIS  structure,  being  part  of  a  FET,  is  preferably  presented  as  an  impedance 
Z(co)  since  the  structure  is  a  layered  structure  of  the  LT-GaAs,  the  diffusion  barrier  and  the  GaAs 
space  charge  layer  (SCL).  It  seems  therefore  reasonable  to  expect  a  series  connection  of  parallel 
RC  elements.  Due  to  a  highly  doped  channel  and  forward  biased  gate  further  capacitive  elements 
are  negligible,  however  a  channel  series  resistance  is  included. 


Figure  3:  Equivalent  circuit  of  the  one 
layer  model  including  a 
conduction  path,  and  its 
locus-curve 


Three  different  cases  are  in  principle  imaginable: 

(1)  One  layer  model  f 

The  resistivity  of  the  LT-GaAs  and  the  AlAs  layers  are  similar.  Therefore  the  entire  structure  ot 
both  layers  acts  as  one  composed  layer.  The  equivalent  circuit  consists  of  a  capacitor  Q  in  parallel 
to  a  resistance  Rj  representing  a  leakage  current  (see  figure  3).  In  case  of  an  ideal  insulator  the 
resistance  becomes  infinite.  In  principal  this  circuit  results  in  a  locus-curve,  calculated  by  equation 
(1)  describing  a  semicircle  in  the  complex  plane.  The  radius  of  this  semicircle  is  l/2Ri  and  the 
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effective  MIS  capacitance,  part  of  the  FET  input,  is  calculated  by  equation  (2)  resulting  in  an 
frequency  dependent  gm(co)  in  the  FET  structure. 


Z  (<»)  = 


Ri 


1  +  co2R?C? 


-J 


l  +  ffl2R2C2 


Ceff(ft))  =  Cj  + 


1 


ffl2R2C: 


C, 


(1) 

(2) 

(3) 


(2)  Two  layer  model 

If  the  resistivity  of  both  layers  is  essentially  different,  this  will  result  in  an  equivalent  circuit  of 
two  parallel  RC  elements  in  series.  The  locus-curve  is  composed  of  two  semicircles,  shown  in 
figure  4  as  a  principle  diagram.  The  insulator  part  of  the  gm-controling  capacitance  in  the  MISFET 
is  then  calculated  by  equation  (4).  The  minimum  value  of  this  capacitance  Ceff(co)  is  determined 
for  high  frequencies  by  the  capacitance  Cj  of  the  entire  insulator.  At  low  frequencies  the  resistors 
bypass  the  capacitors  and  only  the  space  charge  layer  capacitance  in  the  GaAs  is  seen. 


CLT-GaAs(l  +  ft;2RLT-GaAsCLT-GaAs )  +  CA|As  0  +  ®2R  AIAsCA1As  ) 


ft)2(CLT-GaAs  +  Ca1As) 


®2RLT-GaAsRAIAsCLT-GaAsCAlAs  + 


R 


LT-GaAs'-LT-GaAs 


+  R 


AlAs*— AlAs 


'LT-GaAs 


+  C 


AlAs 


(4) 


Figure  4:  Equivalent  circuit  and  locus- 
curve  of  a  two  layer 
MIS  model 
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(3)  Distributed  layer  model  _ 

The  resistivity  of  the  insulating  layer  changes  gradually  across  the  structure,  due  to  a  diffusion  of 
excess  As.  Therefore  the  discrete  RC-elements  become  dispersed  resulting  in  a  stretched 
semicircle-like  locus-curve.  To  model  this  case  a  dispersion  function  needs  to  be  assest.  This  has 
not  been  attempted  in  this  study.  However  this  effect  may  attribute  to  the  differences  of  the  two 
layer  model  with  the  measured  data. 

Measuring  the  MIS  structure  at  forward  bias  (as  discussed  above)  the  calculation  and  modelling  of 
the  insulator  is  simplified,  due  to  the  absence  of  the  GaAs-SCL  capacitor.  However  a  channel 
series  resistance  and  parasistic  elements  mainly  caused  by  the  coupling  between  the  measuring 
pads  have  to  be  considered  at  high  frequencies. 


4.  Measurements  and  Modelling 

The  locus-curve  of  the  investigated  LT-GaAs/AlAs  MIS  structure  is  shown  in  figure  5  measured 
at  frequencies  between  45MHz  and  10  GHz.  The  measurement  has  been  performed  at  IV  forward 
bias  in  order  to  avoid  a  SCL  below  the  insulator.  Equivalent  circuit  elements  have  been  calculated 
or  measured  as  listed  below: 


Element 


Determination 


Value 


^channel 

QLT-GaAs 

CaIAs 

Qnsulator 

Rparasitic 

RLT-GaAs+R-AlAs+Rchannel 


measured  between  two  ohmic 
contacts  in  close  proximity 
the  MIS  structure 
calculated  using  equation  (3) 
calculated  using  equation  (3) 
calculated  by  equation  (3) 
estimated 
extracted  from  DC 
measurements 


18.5ft 


3pF 

12pF 

2.4pF 

lft 

73Q 


In  all  cases  the  dielectric  constant  of  the  As  rich  insulator  was  approximated  by  the  er  of  GaAs. 
The  parasitic  capacitor  had  been  fitted  at  high  frequencies.  The  rather  high  value  of  Cp=165fF  is 
due  to  the  large  size  of  the  pads  used  in  the  structure.  All  elements  of  the  one  layer  MIS  model  are 
predetermined  and  the  measured  locus-curve  can  be  compared  to  the  calculated  one.  The  result, 
shown  in  figure  5,  indicates  clearly  that  this  model  does  not  describe  the  LT-GaAs/AlAs  MIS 
system  sufficiently,  since  no  acceptable  fit  is  possible  despite  parasitic  corrections. 


In  case  of  the  double  layer  MIS  structure  the  resistances  of  the  layers  were  used  as  fitting 
parameters.  Since  the  sum  of  the  resistors  R.LT-GaAs+RAlAs=54.5Q  had  been  determined  by  DC 
measurements,  only  the  ratio  of  these  resistors  can  be  varied.  The  best  fit  was  obtained  by  Rlt- 
GaAs=19Q  for  the  LT-GaAs  layer  and  RAiAs=35.5ft  for  the  AlAs  layer  as  shown  in  figure  7. 
Figures  9  and  10  illustrate  finally  the  accuracy  of  this  fit.  The  remaining  discrepancy  between 
measurement  and  calculation  is  believed  to  be  due  to  the  distributed  nature  of  the  structure 
modeled  by  lumped  elements. 

The  essential  higher  resistance  of  the  AlAs  layer  agrees  to  the  fact  that  the  upper  limit  ot  the 
effective  MIS  capacitance  is  given  by  the  capacitance  of  the  AlAs  layer  for  low  frequencies  [9]. 
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real  [Z(ffl)]  (Q) 


Figure  5:  Locus-curve  of  the  MIS  structure  compared  to  the  Figure  6:  Equivalent  circuit  of  the 
one  layer  model  one  layer  model 


imag[z(w)]  (Q) 


real  [Z(co)]  (£2) 


Figure  7:  Locus-curve  of  the  MIS  structure  compared  to  the  Figure  8:  Equivalent  circuit  of  the 
two  layer  model  two  layer  model 


The  two  layer  model  for  the  LT-GaAs/AlAs  MIS  system  can  now  describe  the  transition  from  low 
frequency  to  high  frequency  behavior  and  can  be  used  to  estimate  the  gm-dispersion  of  MISFET 
structures.  In  the  bias  range  applied  to  the  FET  the  input  capacitance  CgS  is  then  composed  of  the 
effective  insulator  capacitance  and  the  capacitance  of  the  GaAs-SCL.  Compared  to  normal  GaAs- 
MISFET  structures  no  interface  state  capacitance  is  expected,  because  the  dc-leakage  current  and 
high  recombination  rate  (fs  electron  and  hole  capture  time  constant)  in  the  LT-GaAs  system 
prevent  insulated  or  loosely  coupled  interface  states  to  appear.  Figure  9  and  10  indicate  a 
substantial  dispersion  between  0.1  and  10GHz.  However  in  the  FET  the  GaAs  SCL-capacitance 
will  reduce  the  effect  substantially.  For  a  small  dispersion  the  depth  of  the  GaAs  SCL  needs  to  be 
large  compared  with  the  insulator  thickness. 

However  the  absolut  values  of  the  resistors  included  in  the  modeled  case  depend  on  the  specific 
LT-GaAs  properties,  that  means  MBE  growth  conditions  as  well  as  post  growth  thermal 
treatments.  The  presented  data  may  therefore  only  apply  for  the  MIS  structure  in  question,  but  the 
analysing  technique  will  apply  in  general. 


Figure  9:  Absolut  value  of  measured  impedance  Figure  10:  Phase  of  measured  impedance 

compared  to  calculated  values  for  compared  to  calculated  values  for 

the  two  layer  model  the  two  layer  model 


5.  Discussion  and  Conclusions 

LT-GaAs  MISFETs  are  attractive  for  power  applications,  because  of  their  high  demonstrated  RF^ 
output  power  of  1.5W/mm  and  an  even  higher  IV-power  product.  Devices  with  ND=8xl017cm'3 
of  62.5nm  channel  thickness  have  displayed  a  maximum  current  densisty  of  720mA/mm  and  a 
maximum  drain  source  voltage  of  34V  (see  fig.  1).  This  represents  a  record  IV-power  product  of 
23.9W/mm.  In  class  A  operation  this  will  translate  to  PRFmax=Imax(Vmax-Vsat)/8=2.7W/mm. 
Thus,  high  DC-breakdown  voltages  can  be  obtained  and  combined  with  high  output  currents, 
indicating  a  power  capability  of  these  devices  superior  to  those  predicted  by  the  lateral  spreading 
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model.  Additionally  the  lower  interface  potential  compared  to  other  MISFET  structures  increases 
the  available  current  [10].  However,  it  has  been  shown  that  the  MIS-gate  configuration  introduces 
necessarily  a  frequency  dispersion,  which  in  turn  will  also  translate  into  a  time  and  temperature 
instability.  To  fully  explore  and  utilize  the  potential  of  these  structures,  these  instabilities  have  to 
be  minimized  by  tailoring  the  structure.  The  upper  limit  of  the  effective  insulator  capacitance  of  the 
MIS  structure  by  the  capacitance  of  the  AlAs  layer  for  low  frequencies  requires  an  optimized 
diffusion  barrier.  Reducing  the  thickness  of  the  diffusion  barrier  is  therefore  of  special  interest  in 
order  to  minimize  the  dispersion  and  increase  the  gm  in  MISFETs.  First  experiments  in  this 
direction  are  encouriging.  First  structures  with  a  5nm  modified  diffusion  barrier  have  been 
processed  resulting  in  a  maximum  low  frequency  gm  of  180mS/mm  for  ljim  gate  length. 
However,  the  frequency  dispersion  in  the  MIS-system  means  that  a  larger  RF-drive  voltage  is 
needed  than  indicated  by  the  quasi  static  output  characteristics. 
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Abstract. 

The  suppression  of  longitudinal  optical  phonon  (LOP)-electron 
scattering  was  sought  in  multiple  quantum  well  (MQW)  structures.  The 
structures  had  GaAs  well  widths  =  12,  15  and  20  mono  layers  (ML)  and 
AlAs  barrier  widths  =  2  and  4  ML.  The  MQWs  were  grown  in  the  channel 
of  GaAs/Alo.3Gao.7As  modulation  doped  field  effect  transistors 
(MODFETs)  without  gates.  The  Hall  mobility  and  carrier  sheet  density 
were  measured  by  the  van  der  Pauw  method.  The  Hall  mobility  of  the 
MQW  samples  was  found  to  be  less  than  that  of  the  control  samples 
(without  MQW)  at  room  temperature,  but  was  better  at  temperatures  lower 
than  50  K.  The  reduction  of  the  room  temperature  mobility  was  due  to 
interaction  of  the  well  electrons  with  the  interface  polaritons  from  the 
AlAs  barriers.  The  increase  of  the  low  temperature  mobility  was  due  to 
reduced  remote  ionized  impurity  scattering  of  the  well  electrons.  The 
evidence  of  performance  improvement  of  MQW  devices  at  room 
temperature  due  to  suppression  of  electron-LOP  scattering  is  thus  disputed 
by  this  study.  The  results  of  an  experiment  made  elsewhere,  which 
appeared  to  show  the  contrary,  can  be  interpreted  using  arguments  other 
than  the  suppression  of  electron-LOP  scattering  in  MQWs. 
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Introduction 


In  recent  years,  the  possibility  of  electron  mobility  enhancement  by 
suppression  of  phonon-electron  interaction  in  multi  quantum  well  (MQW) 
structures  has  raised  considerable  interest  I'A  The  suppression  is  sought  by 
the  confinement  of  longitudinal  optical  phonons  (LOP)  inside  the  quantum 
wells  that  have  different  coupling  constant  and  ion  masses  than  the  barriers. 
The  interaction  of  2D-LOP  /  2D-electrons  gets  weaker  as  the  well  width 
decreases,  in  contrast  to  the  3D-LOP  /  2D-electrons  system  A  On  the  other 
hand,  interface  polariton  (IP)  interaction  with  free  carriers  becomes  more 
important  as  the  well  width  decreases  in  systems  of  finite  barriers  3-5. 

A  study  of  several  different  GaAs/AlAs  multiquantum  well  samples 
is  reported  here.  It  indicates  that  there  may  be  an  upper  limit  of  electron 
mobility  parallel  to  the  AlAs/GaAs  MQW  plane  due  to  the  interplay 
between  LOP  and  IP  scattering  of  electrons.  This  study  confirms  the 
importance  of  IP  scattering  in  very  narrow  wells  (12  to  20  atomic  layers). 
The  latter  is  shown  to  outweigh  the  benefit  of  suppression  of  LOP 
scattering. 


Samples 


Two  control  samples  and  MQW  structures  of  different  well  and 
barrier  widths  were  examined.  Fig.  1  shows  the  first  control  sample’s 
(REF)  structure.  The  200A  n-GaAs  cap  layer,  the  800A  Alo.3Gao.7As 
uniform  donor  layer,  the  150A  spacer  layers  and  the  GaAs  channel  were 
grown  by  MBE  on  (100)  GaAs  at  620°C.  The  donor  concentration  was 
2  x  10l°  cnrA  The  second  control  sample,  REF+4,  is  similar  to  the  REF, 
except  that  there  is  a  4  ML  thick  AlAs-barrier  between  the  spacer  and  the 
channel.  All  parameters  in  the  other  samples  were  kept  the  same  as  the 
REF’s,  except  that  they  have  AlAs/GaAs  multiple  quantum  well  in  their 
channel.  Six  such  samples  were  studied:  MQW(12/2),  MQW(15/2), 
MQW(20/2),  MQW(12/4),  MQW(15/4),  MQW(20/4),  where  the  numbers 
in  brackets  represent  the  well  and  barrier  widths  in  number  of  ML, 
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respectively.  Fig.  2  shows  the  band  structure  of  the  MQW(15/4)  sample. 
Note  the  large  density  of  the  low  mobility  electrons  in  the  cap  and  donor 
layers. 

The  barriers  in  the  MQW  samples  were  kept  thin  to  minimize  the 
possibility  of  carriers  being  scattered  into  the  X-valleys  of  AlAs,  while  still 
being  large  enough  to  confine  LOP  to  within  the  wells.  For  example,  the 
energy  gap  between  the  X-level  of  the  AlAs  barrier  and  the  first  T-level  of 
the  GaAs  well  is  0.38  eV  in  the  MQW(15/2)  sample.  The  fraction  of  the 
well's  electrons  being  scattered  into  the  barriers  is  approximately  10'7.  In 
the  MQW(15/4),  the  fraction  is  just  \  %.  The  upper  limit  of  the  well  width 
is  roughly  30  ML,  above  which  the  confinement  of  LOP  may  not  be 
appreciable  2.  if  the  wells  were  narrower  than  10  ML,  the  electronic 
subband  levels  would  rise  above  the  barriers  causing  the  carriers  to  be 
deconfined  by  the  MQW,  as  shown  by  computer  simulations  that  solve  the 
Schrodinger  and  Poisson  equations  self-consistently. 


Data  and  discussions 


The  samples'  Hall  mobility  and  carrier  sheet  density  were  measured 
by  the  van  der  Pawv  method.  The  magnetic  field  was  2  kiloGauss.  The 
samples  were  exposed  only  to  diffused  ambient  light  shortly  before  the 
measurements.  To  minimize  the  contribution  of  the  parallel  conduction  in 
the  donor  layer  to  the  total  mobility,  the  samples  were  etched  with  the 
solution  H3PO4:H2O2:H2O=3:l:50  until  their  individual  Hall  mobility 

reached  a  maximum  value. 

The  mobilities  after  etching  and  the  carrier  sheet  densities  are  shown 
in  Table  1.  The  REF's  mobility  was  7590  cn^V'V1  at  room  temperature, 
comparable  to  the  value  of  REF+4,  taking  into  account  its  lower  carrier 
sheet  density.  The  MQW  samples,  however,  all  showed  lower  room 
temperature  mobilities  than  the  control  samples.  Among  them,  the 
MQW(15/x)  samples  had  the  highest  mobilities.  At  T=77K,  the  mobility  of 
the  MQW  samples  approached  that  of  the  control  samples,  except  for  the 
MQW(20/x)  samples. 
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Table  1:  The  Hall  mobility  and  carrier  sheet  density  of  the  samples  at 
room  and  liquid  Nitrogen  temperature.  The  control  sample  REF  has  the 
basic  MODFET  structure;  REF+4  has  an  additional  4  ML  thick  AlAs 
between  the  AlGaAs  spacer  and  the  GaAs  channel.  The  samples  MQW(x/y) 
have  x  ML  of  GaAs  as  well  and  y  ML  of  AlAs  as  barriers. 


T=300K 

T=77K 

E 

[cm2y- 1  s  1  ] 

Ns 

[101 1  cm'2] 

E 

[103  cm2y-lsl] 

Ns 

[1011  cm-2] 

REF 

7590 

5.44 

189 

5.52 

REF+4 

8200 

4.12 

193 

4.15 

MQW(12/2) 

5287 

2.94 

191 

1.80 

MQW(12/4) 

5189 

2.00 

180 

1.48 

MQW(15/2) 

6318 

3.16 

198 

2.20 

MQW(15/4) 

6682 

2.49 

181 

2.66 

MQW(20/2) 

6024 

3.72 

124 

2.48 

MQW(20/4) 

5055 

3.31 

153 

1.90 
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The  true  mobility  of  the  GaAs  channel  (and  its  MQW)  is  given  by 
the  Petriz  model 


I  -  4|lN  (^AIGaA., -_E)_ 

P-AlGaAs  ^channel  J 

where  ji  and  N  are  the  effective  mobility  and  carrier  sheet  density  at 
T=300  K,  respectively;  Nchannel  is  the  sheet  density  measured  at  T  <  50K  ; 
^channel  and  Nchannel  are  the  true  mobility  and  sheet  density  at  T  =  300  K, 
respectively.  PAlGaAs  is  the  mobility  of  the  free  electrons  inside  the  donor 
layer  at  300K;  its  value  is  conventionally  taken  to  be  500  to  1000  cm2V'1S" 
1.  Thus  ^channel  ~  9600  cir^V-V1  and  8700  cm2V_1s_1  for  the  REF  and 
MQW(15/x)  samples,  respectively. 

The  lower  mobility  of  the  MQW  samples  is  readily  understood  by 
the  hybrid  model  of  phonons  in  superlattice  structures.  This  model  is 
presented  in  a  paper  submitted  elsewhere  7.  In  case  of  the  AlAs/GaAs 
MQW  structure,  the  LOP-like  hybrid  modes  of  the  AlAs  barriers  are  not 
coupled  to  the  interface  polaritons  (IP).  The  latter  thus  interact  strongly 
with  the  electrons  in  the  well  region.  Although  the  interaction  of  electrons 
and  LOP  is  reduced  in  the  MQW  samples,  the  increasing  strength  of  the 
electrons-barrier  IP  scattering  enhances  the  overall  scattering  rate  as  the 
well  width  decreases,  and  hence  reduces  the  mobility.  The  channel 
mobility  calculated  by  this  model  was  6120  cm2V-1s-1  for  an  infinite  MQW 
with  15  ML  thick  GaAs  wells  and  2  ML  thick  AlAs  barriers,  compared  to 
the  actual  value  of  8700  cm2V-1s'1  of  the  (short  periodic)  MQW(15/2) 
sample. 

The  dependence  of  the  Hall  mobility  and  carrier  sheet  density  on 
temperature  was  also  investigated.  To  minimize  the  persistent  photo 
conductivity  effect,  the  samples  were  kept  in  the  dark  for  at  least  10  hours 
before  being  measured  in  a  continuous  flow  cryostat  fed  by  liquid  helium. 
The  results  for  the  REF,  MQW(15/2)  and  MQW  (15/4)  are  shown  in  Fig. 
3.  One  observes  that  the  mobility  of  the  MQW  samples  raised  above  that 
of  the  REF  at  T  <  50  K.  The  MQW(15/2)'s  mobility  was  1.4  x  106  cm2V' 
1  s~  1 ,  twice  as  high  as  the  REF's  (6.9  x  105  cm2V"1S'1  )  at  T=ll  K.  The 


Rchannel  -  2  ^  AlGaAs 


1  + 


1 
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sheet  density  of  the  MQW  samples  were  considerably  lower  than  that  of  the 
REF  because  they  were  etched,  as  mentioned  above. 

The  improved  mobility  of  the  MQW  samples  indicates  that  the 
electron-IP  interaction  is  no  longer  the  dominant  scattering  mechanism  at 
low  temperatures.  Our  low  temperature  simulations  showed  a  smaller  field 
across  the  spacer  layer  in  the  MQW  samples  than  in  the  REF,  which 
reduced  the  effect  of  remote  ionized  impurity  scattering.  More  important, 
the  improved  mobility  shows  that  the  interface  roughness  scattering  is  not  a 
factor  in  lowering  the  MQW  sample's  mobility  at  room  temperature. 


Conclusions 


We  have  tested  several  short  periodic  MQW  structures  for  the 
enhancement  of  their  room  temperature  mobility  due  to  the  suppression  of 
electron-LOP  scattering.  The  results  were  interpreted  as  negative.  The 
best  room  temperature  mobility  was  achieved  by  the  MQW  with  15  ML 
thick  GaAs  wells  and  2  or  4  ML  thick  barriers.  It  was  roughly  10%  lower 
than  that  of  the  samples  without  the  MQW.  This  result  was  readily 
explained  by  the  strong  interaction  of  the  well  electrons  with  the  IP-like 
hybrid  modes  from  the  AlAs  barriers.  At  low  temperatures,  the  MQW 
samples'  mobility  was  higher  than  that  of  the  control  samples,  due  to 
reduced  remote  ionized  impurity  scattering. 

To  the  best  of  our  knowledge,  the  enhancement  of  room  temperature 
mobility  by  suppression  of  electron-LOP  scattering  has  yet  to  be 
experimentally  proven.  The  results  of  Zhu  et.al.8  that  appeared  to  confirm 
the  opposite  may  actually  be  explained  using  some  alternative  arguments. 
The  energy  band  structure  and  the  bulk  carrier  density  of  the  samples  are 
shown  in  Fig.  4.  The  MQW's  wall  and  barrier  thickness  are  8  ML  and 
4ML,  respectively.  These  narrow  wells  raise  the  electron  subbands  over 
the  barriers,  spilling  most  of  the  electrons  onto  the  AlAs/GaAs-substrate 
interface,  which  is  both  smooth  and  far  away  from  the  ionized  donors. 
The  major  contribution  to  the  total  mobility  is  from  the  2DEG  at  this 
interface,  not  from  the  electrons  in  the  MQW  structure.  In  case  of  the 
control  sample,  the  electrons  stay  inside  the  GaAs  well  and  are  subjected  to 


more  interface  roughness  and  ionized  impurity  scattering,  as  compared  to 
the  majority  of  the  electrons  in  the  MQW  sample;  hence  the  mobility  is 
considerably  lower.  Please  note  that  both  of  these  samples  have  lower 
room  temperature  mobility  than  bulk  GaAs. 
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Figure  captions: 

1.  The  structure  of  the  control  sample  REF.  It  consists  of  a  200A  n-GaAs 
cap  layer,  a  800A  Alo.3Gao.7As  uniform  donor  layer  (2  x  lO1^  cm-3  n_ 

doped),  a  150 A  spacing  layers  and  the  GaAs  channel.  The  REF+4  has  an 
additional  4  ML  of  AlAs  between  the  spacer  and  the  channel.  The  energy 
band  Ec  is  shown  by  the  solid  line;  the  bulk  density  of  free  electrons  is 
shown  by  the  dotted  line. 

2.  The  structure  of  a  typical  MQW  sample,  the  MQW(15/4).  It  consists  of 
the  REF  plus  a  short  periodic  MQW  structure  in  its  channel.  The  energy 
band  Ec  is  shown  by  the  solid  line;  the  bulk  density  of  free  electrons  is 
shown  by  the  dotted  line. 

3.  The  mobility  p  and  carrier  sheet  density  Ns  of  the  REF,  MQW(15/4)  and 
MQW(15/2)  as  functions  of  temperature,  p  of  REF  is  higher  than  the 
other  two  at  room  temperature,  but  decreases  relatively  at  T  <  50  K.  The 
sheet  densities  of  the  MQW  samples  are  lower  than  that  of  REF  because  the 
latter  were  etched. 

4.  A  different  design  of  MQW  structures,  as  of  Zhu  et.al.  a)  shows  the 
control  sample  with  its  GaAs  well  at  the  center,  where  the  free  electrons 
are  concentrated.  The  sharp  gap  on  the  right  is  the  AlAs/GaAs-substrate 
interface,  b)  shows  the  MQW  structure.  The  MQW  with  well  width  =  8 
ML  and  barrier  width  =  4  ML  is  grown  onto  the  GaAs.  Since  the  wells  are 
small,  the  free  electrons  are  spilled  into  the  smooth  AlAs/GaAs-substrate 
interface. 
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Abstract 


The  flow  modulation  growth  of  high  purity  InP  and  GaAs  based  III-V  compound  semicon¬ 
ductors  is  demonstrated  using  a  multichamber  Organometallic  Vapor  Phase  Epitaxy  apparatus. 
Flow  modulation  is  performed  by  rotating  substrates  through  spatially  separated  group  III  and 
group  V  rich  zones  without  valve  switching.  This  system  has  multiwafer  capability  and  excel¬ 
lent  compositional  and  thickness  uniformity.  In  addition,  using  the  appropriate  flow  conditions, 
phosphide  and  arsenide  based  superlattice  structures  can  also  be  produced  without  the  use  of 
mechanical  valve  switching.  High  purity  InP  and  GaAs  have  been  realized,  yielding  low  tem¬ 
perature  (77  K)  mobilities  exceeding  110,000  and  115,000  cm2/V  s,  respectively.  Excellent 
transport  and  optical  properties  were  also  observed  for  GalnP/GaAs  and  GalnAs/InP  structures. 
The  multichamber  reactor  is  a  useful  tool  for  both  research  and  manufacturing  of  optoelectronic 
and  high  speed  compound  semiconductor  devices. 


I.  INTRODUCTION 


The  production  of  high  purity  III-V  compound  semiconductors  has  led  to  the  realization 
of  many  optoelectronic  and  high  speed  electronic  devices.  Optical  devices  spanning  from  the 
infrared  to  the  visible  and  electronic  devices  with  picosecond  switching  speeds  have  been  fab¬ 
ricated  using  InP  and  GaAs  based  material  systems.  Over  the  years,  there  has  been  a  growing 
demand  for  the  manufacture  of  these  devices  in  high  volume  at  a  relatively  low  cost.  This, 
however,  places  strict  demands  on  crystal  growth  technology.  Abrupt  heterojunctions,  sharp 
doping  profiles  and  high  purity  material  are  all  necessary  requirements  in  obtaining  high  perfor¬ 
mance  device  structures.  In  addition,  a  multiwafer  process  which  has  excellent  wafer  to  wafer 
thickness  and  compositional  uniformity  is  also  desired.  Advanced  growth  techniques  such  as 
migration  enhancement  (flow  modulation  epitaxy)  and  atomic  layer  epitaxy  have  been  suggested 
to  possibly  meet  many  of  these  demands.  Commercial  vendors  have  offered  a  wide  variety  of 
crystal  growing  systems  utilizing  both  Molecular  Beam  Epitaxy  and  Organometallic  Vapor  Phase 
Epitaxy  (OMVPE)  techniques  to  mass  produce  III-V  semiconductor  devices. 
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In  this  paper,  we  describe  a  multichamber  OMVPE  reactor  with  multiwafer  capability, 
which  produces  high  purity  III-V  compound  semiconductor  structures  with  excellent  composi¬ 
tional  and  thickness  uniformity.  In  this  reaction  chamber,  substrates  are  rotated  through  spatially 
separated  group  III  and  group  V  rich  regions  without  valve  switching  [1],  These  regions  are  con¬ 
fined  by  injecting  the  proper  gas  flows  to  reduce  zone  intermixing.  This  enables  the  formation 
of  abrupt  heterostructures  as  well  as  the  use  of  advanced  growth  techniques  (flow  modulation 
epitaxy)  to  be  performed  without  requiring  mechanical  valve  switching. 


We  will  demonstrate  the  versatility  of  the  multichamber  reactor  by  discussing  various 
experiments  employing  flow  modulation  epitaxy  (FME).  AlAs/GaAs  superlattice  structures  were 
produced  by  rotating  substrates  through  localized  growth  zones  separated  by  large  hydrogen 
fluxes.  Excellent  compositional  and  thickness  uniformity  will  be  presented  for  GalnP  lattice 
matched  to  GaAs.  High  purity  GaAs  and  InP  have  been  produced  yielding  low  temperature 
(77  K)  mobilities  exceeding  115,000  and  110,000  cm2/V  s,  respectively.  Excellent  transport 
properties  were  also  observed  for  GalnAs/InP  and  GalnP/GaAs  structures. 


II.  MULTICHAMBER  REACTOR 


The  vertical  barrel,  multichamber  reaction  cell  is  illustrated  schematically  in  Figure  1.  The 
outer  cell  wall  is  made  of  6-inch  diameter  high  purity  quartz  and  the  inner  wall  is  a  2  inch 
diameter  quarz  ampoule  which  serves  to  localize  growth  regions.  This  system  is  operated  at 
reduced  pressure  (76  torr)  to  eliminate  gas  recirculation  due  to  convection  forces.  Palladium 
diffused  H2  is  used  as  the  carrier  gas.  Typically,  the  gas  flow  is  30  slm,  while  the  gas  velocity 
is  maintained  at  30  cm/s.  A  barrel  style  susceptor  holding  up  to  eighteen  1.5  inch  wafers, 
is  inductively  heated  by  RF  radiation.  The  susceptor  has  three  tiers,  with  each  tier  having 
six  wafer  slots.  Two  group  III  rich  regions  are  spatially  separated  by  large  hydrogen  fluxes. 
Triethylgallium  (TEG),  Trimethylindium  (TMI)  and  dopants  sources  are  injected  in  the  left  zone, 
while  trimethylaluminum  and  a  second  TEG  source  are  injected  in  the  left  zone.  Hydrides  (i.e. 
arsine  and  phosphine)  are  uniformly  injected  into  the  growth  chamber  through  a  distributor 
ring  located  at  the  uppermost  portion  of  the  cell.  Flow  modulation  is  carried  out  by  rotating 
substrates  through  group  III  and  group  V  rich  regions  without  valve  switching.  The  flow 
modulation  configurations  can  be  varied  by  adjusting  either  reactant  fluxes,  carrier  flows  or 
susceptor  rotation  speed.  The  reaction  cell  is  periodically  cleaned  by  heating  the  susceptor  to 
900  °C  (hot  wall)  while  injecting  HC1  through  the  distributor  ring.  It  has  been  reported  that 
operating  with  a  clean  reaction  cell  eliminates  oval  surface  defects  in  In-containing  compounds 
[2],  The  pumping  port  is  located  directly  under  the  right  growth  zones.  Experiments  were  also 
carried  out  using  a  distributed  pumping  ring. 


The  standard  vent-run  configuration  is  used  to  reduce  switching  transients.  Organometallics 
(OMs)  and  hydrides  are  switched  at  the  head  the  reaction  cell  to  enhance  heterostructure  abrupt¬ 
ness.  Gas  lines  are  made  of  stainless  steel  tubing  which  are  bakeable  to  200  °C.  To  enhance 
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transport  capabilities,  the  dopants,  hydrides  and  each  individual  OM  gas  loop  have  independent 
H2  carriers.  The  OM  pressures  are  controlled  using  a  needle  valve  which  enables  better  control 
of  fluxes.  An  ultrasonic  analyzer  is  used  to  monitor  and  regulate  the  TMI  transport  to  the  cham¬ 
ber.  Al-Ga-In  gettering  melts  are  used  to  reduce  oxygen  and  H2  contamination  in  the  reactant 
gases  [3],  This  system  is  also  equipped  with  a  quadrapole  mass  analyzer  for  gas  sampling  prior 
to  every  run. 

III.  FLOW  MODULATION  GROWTH 


Flow  modulation  Epitaxy  (FME)  has  been  repotted  to  be  a  useful  technique  for  obtaining 
smooth  heterointerfaces,  sharp  doping  profiles  and  reduced  deep  level  traps  [4]-[6].  Typically, 
FME  is  performed  by  alternately  supplying  group  III  and  group  V  species  to  the  growth  sur¬ 
face  which  enhances  the  surface  mobility  of  the  adatoms.  Unlike  atomic  layer  epitaxy,  where 
the  growth  rate  is  independent  of  the  amount  of  injected  source  material,  FME  is  group  III 
mass  transport  limited.  Therefore,  high  growth  rates  can  be  realized.  Flow  Modulation  in  a 
conventional  reaction  chamber  requires  the  use  of  repetitive  valve  switching  which  ultimately 
reduces  the  lifetime  of  the  valves.  Replacing  these  valves  usually  requires  exposing  gas  lines 
to  H20  and  CU.  However  in  the  multichamber  configuration,  flow  modulation  is  executed  by 
alternately  exposing  substrates  to  group  III  and  group  V  rich  environments  by  substrate  rotation. 
As  a  result,  this  eliminates  the  need  for  valve  switching. 


Many  flow  modulation  configurations  have  been  investigated  by  modifying  the  flow  con¬ 
figuration  and  pumping  scheme.  Experiments  were  performed  without  susceptor  rotation  to 
determine  the  substrate  exposure  cycle.  In  all  configurations,  a  measurable  growth  rate  was 
observed  on  the  opposite  side  of  the  reaction  cell  corresponding  to  the  left  and  right  zone  inlets. 
Several  flow  modulation  schemes  were  investigated  and  compared  by  investigating  the  film 
quality  of  GalnP  closely  lattice  matched  to  GaAs.  Figure  2a  shows  the  exposure  cycle  for  what 
was  determined  to  be  the  highest  quality  GalnP  lattice  matched  to  GaAs.  This  configuration 
was  created  by  injecting  high  carrier  flow  between  the  group  III  zones  (10  slm)  and  4.5  slm 
in  both  the  left  and  right  zones.  Strong  photoluminscence  intensity  and  carrier  concentration  in 
the  mid  1016  cm-3  were  observed.  Other  flow  configurations  produced  GalnP  which  exhibited 
broad  X-ray  diffraction  features.  A  distributed  circular  pumping  port  was  installed  to  further  lo¬ 
calized  zones.  However,  X-ray  diffraction  spectra  displayed  weak  and  broadened  features  from 
the  GalnP  films.  This  was  observed  for  all  flow  configurations  using  the  distributed  circular 
pumping  port. 


IV.  SPATIALLY  SEPARATED  GROWTH  ZONES 


Applying  the  appropriate  flow  conditions,  localized  growth  regions  can  be  obtained  which 
enables  the  formation  superlatlice  structures.  Changing  group  III  flux  and  rotation  of  the  sus¬ 
ceptor  changes  the  periodicity  of  the  superlattice  structure.  This  is  a  flexiable  technique  to 
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prepare  superlattices  without  valve  switching.  As  stated  earlier,  although  intermixing  occurs 
in  all  configurations,  device  quality  supcrlattices  can  be  produced  by  this  method.  Figure  3, 
shows  the  a  TEM  image  of  a  40  AAlAs/GaAs  superlattice  produced  in  the  multichamber  cell. 
Equal  amounts  of  gas  were  injected  into  each  inlet  to  balance  the  (lows,  which  minimizes  zone 
intermixing. 


V.  COMPOSITIONAL  AND  THICKNESS  UNIFORMITY 


The  compositional  and  thickness  uniformity  is  presented  for  GalnP  lattice  matched  to 
GaAs.  A  compositional  uniformity  map,  generated  using  X-ray  diffraction,  is  shown  in  Figure 
4.  Indium  composition  varied  ±0.5%  over  a  6  cm-  area.  The  wafer  to  wafer  composition 
varied  ±0.7%  for  wafers  placed  on  the  top  tier  of  the  susceptor.  The  compositional  uniformity 
was  measured  on  wafers  located  on  the  second  tier  during  the  same  run.  There,  the  composition 
varied  ±1.5%  over  a  4  cm2  area.  We  also  observed  that  the  In  composition  decreased  down 
stream  along  the  wafer.  A  decrease  of  3%  In  concentration  was  observed  from  the  top  to  the 
second  tier.  Thickness  uniformity  was  measured  using  SEM  for  the  wafer  located  on  the  first 
tier.  The  thickness  varied  ±3.3%  over  a  6  cm2  area. 

VI.  GROWTH  OF  GaAs  AND  InP  BASED  MATERIAL 


Both  InP  and  GaAs  based  material  were  produced  using  FME.  High  purity  GaAs,  AlGaAs, 
and  GalnP  were  on  produced  GaAs  substrates.  A  process  has  been  developed  for  arsenides  based 
compounds  which  produces  high  purity  material  using  minimal  arsine  flows  [7],  The  V/III  ratio 
dependence  on  77  K  mobility  for  GaAs  grown  at  635  °C  is  given  in  Figure  5.  Low  temperature 
(77  K)  mobilities  exceeding  115,000  cm2/V  s  and  room  temperature  of  8000  cm2/V  s  for  V/III 
ratio  less  than  5.  A  77  K  mobility  of  93,000  cm2/V  s  was  measured  for  films  produced  with 
a  V/III  ratio  of  1.8.  Strong  excitonic  features  were  observed  for  films  produced  using  a  V/III 
ratio  of  unity.  Using  trimethylamine  alane,  TEG  and  arsine,  excitonic  features  were  observed 
for  Alo.15Gao.85As  for  V/III  ratios  as  low  as  7.5  [8].  GalnP  was  grown  over  a  wide  range 
of  growth  conditions  yielding  both  ordered  and  disordered  layers.  Low  temperature  (IK)  and 
room  temperature  PL  linewidths  of  less  than  10  and  26  meV,  respectively  were  observed  for 
FME  grown  GalnP.  A  room  temperature  mobility  of  3,000  cm2/V  s  and  77  K  mobility  of  14,000 
cm 2/V  s  for  GalnP  grown  at  645  °C  and  a  V/III  ratio  of  118. 


InP  and  GalnAs  lattice  matched  to  InP  substrates  exhibited  excellent  photoluminscence  and 
electronic  properities.  InP  grown  at  600  °C  and  at  a  V/III  ratio  of  175  yielded  a  77  K  mobility 
of  110,000  cm 2/V  s.  Low  temperature  PL  revealed  neglegible  acceptor  related  transitions, 
indicative  of  n-type  material  with  low  compensation.  GalnAs  nearly  lattice  matched  to  InP  also 
showed  excellent  low  temperature  photoluminscence  properties  having  linewidths  as  low  as  1 .7 
meV.  In  addition,  room  temerature  mobilities  as  high  11,000  cm2/V  s  were  observed  for  GalnAs 
nearly  lattice  matched  to  InP. 
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VII.  CONCLUSIONS 


In  summary,  the  advantages  of  a  multichamber  OMVPE  system  have  been  demonstrated. 
This  system  has  multiwafer  capability  which  also  has  excellent  compositional  and  thickness 
uniformity  for  GalnP  lattice  matched  to  GaAs.  Spatially  separated  group  III  rich  and  group  V 
rich  regions  enable  the  formation  of  superlattice  structures  and  (low  modulation  growth  without 
valve  switching.  Flow  modulation  exposure  cycles  can  be  altered  by  adjusting  the  carrier  flows 
and  source  flux.  High  purity  GaAs  and  InP  was  produced,  both  having  low  temperature  mobil¬ 
ities  exceeding  110,000  cm1 2 3 4 5 6 7/V  s.  The  multichamber  concept  has  been  extended  by  introducing 
a  four  chamber  reaction  cell.  Presently  under  contruction,  this  system  can  accommodate  six  3 
inch  wafers.  Both  FME  and  ALE  will  be  accomplished  without  valve  switching.  This  system 
represents  the  next  generation  of  multichamber  designs  which  are  capable  of  producing  III-V 
semiconductor  device  structures  in  high  volume. 
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Figure  1.  Schematic  illustration  of  implementation  of  flow  modulation  epitaxy  in 
the  multichamber  cell.  Dopant  sources,  TEG  and  TMI  are  injected  in  the  left  zone, 
while  TMA  and  TEG  are  injected  into  right  zones.  Two  hydrogen  carriers  serves 
to  isolate  the  group  III  rich  zones.  The  hydrides  are  uniformly  around  the  cell.  The 
inner  quartz  ampoule  (diameter-d  )  serves  to  separate  the  reactant  fluxes  of  each 
deposition  zone. 
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Figure  2.  (a)  Flow  modulation  exposure  cycle  for  premixed  GalnP  lattice 
matched  to  GaAs.  The  exposure  cycle  was  calculated  by  performing  no 
rotation  growth  experiments  to  determine  growth  rate  around  the  reaction 
chamber,  (b)  Corresponding  X-ray  spectra  of  GalnP  produced  using  the 
flow  modulation  scheme  in  part  (a). 


Figure  3.  TEM  image  of  an  AlAs/GaAs  40  A  superlattice  produced  in  the 
multichamber  reactor.  Equal  flows  were  injected  in  each  inlet  port  to 
provide  optimum  spatial  confinement. 
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Figure  5.  Low  temperature  (77  K)  mobility  dependence  on  V/III  ratio  for  GaAs 
produced  by  flow  modulation  epitaxy. 
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ABSTRACT 

Metal-semiconductor-metal  photo  diodes  with  interdigitated  Schottky 
barrier  fingers  are  being  developed  for  applications  in  monolithic  optical 
receiver  circuits  with  the  purpose  of  detecting  millimeter  wave  modulation 
signals  being  transmitted  via  an  optical  carrier.  The  devices  are  planar  and 
incorporate  submicron  finger  spacings  and  a  thin  absorption  region  for 
speed  with  a  buried  stack  of  tuned  Bragg  reflectors  for  enhanced  sensitivity 
at  the  carrier  wavelength.  These  devices  are  being  integrated  with  short- 
gate  MODFET  amplifiers  to  form  the  complete  monolithic  integrated  optical 
receiver  circuit. 


DEVICE  DESCRIPTION 

Metal-semiconductor-metal  photo  diodes  with  interdigitated  Schottky 
barrier  fingers  are  being  fabricated  in  the  AlGaAs  material  system  using 
electron  beam  lithography  techniques.  Both  linear  and  circular  detector 
finger  geometries  have  been  examined  (Fig.  1).  Such  photo  detectors  are 
capable  of  detection  bandwidths  in  excess  of  100  GHz  [1-3].  The  devices  have 
a  planar  construction  making  them  ideal  candidates  for  monolithic 
integration  [4,5].  The  detector  structures  were  designed  with  the  aid  of  a 
computer  program  and  then  grown  by  molecular  beam  epitaxy.  The  photo 
diodes  in  this  design  incorporate  sub-micron  electrode  spacings  and  a  thin 
absorption  layer  of  GaAs,  these  features  limit  the  transit  time  of  the 
optically  generated  carriers  thus  providing  the  mechanism  for  millimeter 
frequency  operation  (Fig.  2). 


Device  sensitivity  to  low  intensity  light  is  enhanced  with  the  inclusion 
of  a  highly  reflective  (94%)  stack  of  tuned  Bragg  reflectors  buried  below  the 
absorption  layer.  The  Bragg  reflector  stack  is  composed  of  nonabsorbing 
alternating  quarter  wavelength  layers  of  Al0.9Ga0.lAs  and 
Alo.35Gao.65As.  The  reflective  stack  causes  incident  photons,  of  the 
appropriate  wavelength,  to  make  a  second  pass  through  the  absorption 
layer  thus  creating  additional  carriers  for  collection  at  the  electrodes. 
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Additional  sensitivity  refinements  were  made  by  including  a  top  surface 
optical  impedance  matching  layer  of  Alo.35Gao.65As.  This  layer  reduces  top 
surface  reflectance  to  nearly  negligible  values  (0.5%).  The  interfaces 
between  the  GaAs  absorption  layer  and  the  matching  layer  above  it  and  the 
bottom  of  the  absorption  layer  and  the  top  surface  of  the  Bragg  reflector  stack 
also  form  a  potential  energy  well  for  the  photo  generated  carriers.  This  is 
due  to  the  energy  band  discontinuity  of  the  material  layers.  The  potential 
energy  well  serves  to  confine  the  photo  generated  carriers  to  the  thin 
absorption  region  where  they  can  be  rapidly  collected  by  the  electrodes  on  the 
top  surface.  (Also  prevents  carrier  loss  by  rapid  surface  recombination  (vs  @ 

3x10®  cm/sec)).  The  combined  effects  of  the  finite  line  width  of  the  Bragg 
reflector  stack,  absorption  layer  and  top  surface  matching  layer  introduces 
some  wavelength  discrimination  capability  into  the  device  because  there  is 
an  increased  optical  sensitivity  at  the  design  wavelength  and  a  decreased 
sensitivity  at  other  wavelengths  away  from  this  line  (Fig.  3). 


MODEL  and  MEASUREMENT  RESULTS 

The  topology  of  a  microwave  equivalent  circuit  model  for  the  detector 
diodes  was  determined  using  S-parameter  measurements  of  the  devices  and 
of  associated  short  circuited  test  structures  (Figs.  4  &  5).  The  S-parameter 
measurements  on  the  short  circuit  test  structures  readily  allow  for  the 
extraction  of  the  finger  electrode  resistance  and  inductance.  In  addition  to 
the  dc  resistance  in  the  fingers  there  is  an  additional  frequency  dependent 
skin  effect  resistance  .  The  skin  effect  resistance  is  proportional  to  the 
square  root  of  the  frequency.  The  proportionality  constant  can  be 
determined  by  comparing  the  frequency  dependence  of  the  measured  device 
input  impedance  with  that  of  the  model.  The  MSM  detector  capacitance  is 
extracted  from  the  device  measurements  and  the  excess  parasitic 
capacitance  is  determined  by  comparing  the  measured  capacitance  to  that 
calculated  for  an  MSM  structure  using  the  elliptic  integral  method  [6].  The 
parasitic  capacitance  is  the  result  of  the  finite  length  of  the  interdigitated 
fingers  and  the  close  proximity  of  the  contact  pad  of  opposite  polarity  to  the 
open  ends  of  the  fingers.  The  equivalent  circuit  model  is  used  to  determine 
the  passive  element  frequency  response  and  time  domain  impulse  function 
(Fig.  6)  . 


A  Monte  Carlo  simulation  of  the  transport  behavior  of  the  optically 
generated  carriers,  which  takes  into  account  the  material  dimensions, 
electrode  geometry,  bias  conditions  ,and  optical  absorption  properties,  is 
used  to  produce  modeling  information  about  the  time  domain  response  of 
the  carriers  [7,8].  The  FFT  of  the  Monte  Carlo  results  provides  the  carrier 
frequency  response  function  (Fig.  7).  This  information  is  combined  with  the 
circuit  model  information  (multiplied  in  the  frequency  domain  or  convolved 
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in  the  time  domain)  to  give  the  composite  frequency  response  and  impulse 
function  of  the  MSM  detector  (Fig.  8). 


Static  optical  tests  were  done  with  a  white  light  source  and 
monochromator  in  order  to  characterize  the  spectral  response  of  the  diodes. 
The  response  signal  was  normalized  to  the  white  light  spectrum  (Fig.  9).  A 
large  size  detector  was  used  in  the  experiment  for  better  sensitivity.  Figure  9 
shows  that  the  expected  peak  in  the  response  for  a  800  nm  wafer  design  was 
down-shifted  slightly,  this  probably  indicates  that  the  angle  of  incidence  was 
not  quite  normal  to  the  sample.  Photospectrometer  measurements  of  the 
wafer  reflectance  support  this  conclusion. 


Optical  measurements  using  a  short  pulse  (120  fs)  mode  locked  laser 
operating  at  780  nm  with  a  beam  diameter  of  10  ^im  indicated  a  carrier 
transit  time  limited  bandwidth  in  excess  of  40  GHz  (this  was  the  limit  of  the 
measurement  system).  The  detector  response  was  observed  using  a  HP2782 
spectrum  analyzer.  The  measurement  on  a  detector  diode  with  23  |im  long 
fingers,  0.5  |im  finger  width  and  0.5  pm  gap  between  the  fingers  fabricated 
on  a  GaAs  wafer  designed  for  750  nm  light  had  the  following  results:  At  7 
volts  applied  bias  and  80  mW  average  incident  power,  it  showed  a  flat 
response  up  to  at  least  40  GHz.  When  the  average  incident  light  power  was 
doubled  to  160  mW  the  response  at  39  GHz  was  -6  dB  down  due  to  excess 
carrier  generation.  The  dynamic  range  of  the  detectors  was  then  measured 
using  a  Ti:sapphire  laser  operating  at  770  nm  with  a  variety  of  neutral 
density  filters  .  The  dynamic  range  was  found  to  be  33  dB. 


Optical  measurements  employing  a  semiconductor  mode  locked  laser 
as  a  short  pulse  optical  source  were  also  performed  and  the  detector 
response  was  observed  in  the  time  domain  using  a  sampling  oscilloscope. 
The  full  width  half  maximum  of  the  output  pulse  was  15  ps.  This  value  was 
again  essentially  the  limit  of  the  measurement  system’s  capability. 


DEVICE  INTEGRATION 

The  MSM  photodiodes  are  being  integrated  with  short-gate  MODFETs 
for  use  as  monolithic  integrated  optical  receiver  circuits  capable  of 
detecting  a  44  GHz  modulation  signal  being  transmitted  via  an  optical 
carrier  [9].  The  transistor  layers  are  grown  on  top  of  the  detector  layers  in 
the  MBE  system.  A  slow  etch-rate  citric  acid  solution  is  used  for  the 
transistor  mesa  isolation.  The  wafer  top  surface  reflectance  is  monitored 
with  a  photospectrometer  until  the  reflectance  minima  shifts  to  the  design 
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wavelength.  The  MODFETs  will  be  used  as  low  noise  amplification  devices 
in  the  optical  receiver  circuits.  The  current  transistor  design  has  a  source- 

drain  spacing  of  2  pm  with  a  gate  length  of  0.25  pm  and  gate  width  of  100 

pm.  We  are  in  the  process  of  developing  a  transistor  with  a  gamma-gate  and 
self-aligned  ohmic  metalization  in  order  to  reduce  the  source  resistance  and 
therefore  improve  the  noise  and  frequency  characteristics  of  the  devices 
[10,11].  In  test  structures  we  have  achieved  gates  with  0.25  pm  footprint  and 
0.6  pm  cross-section  along  the  top.  The  gate  had  an  overhang  ratio  of  more 
then  2:1  and  a  source-drain  spacing  of  0.6  pm.  With  self-aligned 
metalization  the  source-gate  spacing  was  0.1  pm  and  the  drain-gate 

spacing  was  0.25  pm  (Fig.  10).  Coplanar  waveguide  interconnections  are 
being  used  in  the  circuit  design. 


SUMMARY 

Metal-semiconductor-metal  photodetector  diodes  have  been  designed 
with  the  aid  of  a  computer  program.  The  material  was  grown  by  MBE  and 
the  devices  were  fabricated  with  electron  beam  lithography.  The  detectors 
incorporate  features  for  high  speed  operation,  (submicron  electrode 
spacings,  thin  absorption  layer,  and  a  potential  well  to  confine  optically 
generated  carriers  to  the  absorption  layer),  with  features  to  enhance  the 
device  sensitivity,  (buried  Bragg  reflector  stack,  and  a  top  surface  optical 
impedance  matching  layer).  Device  measurements  indicate  top  surface 
reflectance  of  0.5%  with  an  operation  bandwidth  in  excess  of  40  GHz  and  a 
dynamic  range  of  33  dB.  The  devices  are  being  integrated  with  short-gate 
MODFETS  for  applications  in  monolithic  millimeter  wave  optical  receiver 
circuits. 
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Figure  1.  Two  MSM  Photodiode  diode  geometries.  The  linear  device  has 
0.35|im  fingers  and  gaps  with  a  20(im  overlap.  The  circular  device  has 
0.5pm  fingers  and  gaps  and  a  10pm  diameter. 


Al(0.9)Ga(0.1)As  1 

^-Al(0.35)Ga(0.65)As  J 
Bragg  Reflectors 
Repeated  16  1/2  Times 

GaAs  Substrate 


Figure  2.  Cross-sectional  view  of  the  MSM  photodiode  material  structure 
showing  the  top  surface  impedance  matching  layer,  absorption  layer,  and 
Bragg  reflector  stack. 
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TRANSMITTANCE  ABSORPTION  REFLECTANCE 


Figure  3.  Calculated  optical  response  of  the  detector  material  layers  for  a 
770  nm  light  design:  A),  reflectance  at  important  interfaces  of  the 
structure.  B).  fraction  of  incoming  light  absorbed.  C).  fraction  of  incoming 
light  transmitted  into  the  substrate. 
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-J50 


Figure  4.  Measured  S-parameters,  (45  MHz-26.5  GHz),  for  a  MSM  detector 
and  its  associated  short  circuit  test  device.  The  geometry  is  linear  with  15 
fingers,  0.5  pm  wide,  0.5  pm  gap  and  23  pm  overlap 


Figure  5.  MSM  detector  diode  equivalent  circuit  model. 
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passive  circuit  element  model  (50  Q  load).  For  the  geometry  described  above. 


TIME  (psec)  FREQUENCY  (GHz) 

Figure  7.  Time  domain  Monte  Carlo  simulation  of  the  optically  generated 
carriers  in  the  MSM  structure  and  the  FFT  of  this  function. 


TIME  (psec)  FREQUENCY  (GHz) 

Figure  8.  Composite  response  of  the  MSM  detector.  The  impulse  response  is 
the  convolution  of  the  time  domain  curves  of  figures  6  and  7.  The  frequency 
response  is  the  product  (addition  of  dB)  of  the  frequency  responses  of  figures 
6  and  7. 
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Figure  9.  Relative  signal  from  a  detector  vs.  optical  wavelength.  The  detector 
was  fabricated  on  a  wafer  with  the  Bragg  reflectors  and  top  surface  optical 
impedance  matching  optimized  for  800  nM  light. 


Figure  10.  Gamma-gate  with  0.25  pm  footprint  and  2:1  overhang  ratio.  The 


photograph  also  shows  the  0.6  pm  drain  -  source  spacing  after  the  self- 


aligned  ohmic  metalization  step. 
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EXTRACTION  OF  HIGH-FREQUENCY  EQUIVALENT  NETWORK  PARAMETERS  OF 
HBT’s  BY  LOW-FREQUENCY  EXTRAPOLATION  OF 
MICROWAVE  S-PARAMETER  DATA 


Eugene  John,  Mukunda  B.  Das,  Li-Wu  Yang*  and  S.  M.  J.  Liu* 
Department  of  Electrical  Engineering,  and 
Electronic  Materials  and  Processing  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

f  Electronics  Laboratory 
General  Electric  Company 
Syracuse,  NY  13221 


Abstract 

This  paper  reports  a  comprehensive  low-frequency  extrapolation  method  for  the  purpose  of  separating 
the  intrinsic  and  extrinsic  or  parasitic  equivalent  network  parameters  of  high-frequency  HBT’s.  The  method 
involves  measurements  of  device’s  small-signal  parameters  over  a  wide  frequency  range,  and  low-frequency 
extrapolation  (LFE)  of  various  transformed  two-port  parameters  using  a  range  of  collector  bias  currents. 
For  the  extraction  of  the  equivalent  network  parameters,  the  measured  s-parameters  are  first  converted  into 
y-  and  h-parameters  and  they  are  used  directly  or  in  composite  fashions  in  order  to  extract  the  parasitic 
series  resistance  elements  {rw,  and  ree')>  the  shunt  capacitance  elements  {cje,  cbc  and  cc),  and  the  intrinsic 
emitter-to-collector  transit  time  after  allowing  for  the  parasitic  time  constant  effects. 


Introduction 

A  precise  knowledge  of  the  high-frequency  equivalent  network  parameters  of  high-speed  transistor  i.e. 
heterojunction  bipolar  transistors,  is  of  considerable  interest  to  circuit  designers.  To  the  device  engineers, 
the  same  information,  if  interpreted  in  terms  of  the  device  structural  dimensions  and  electronic  material 
parameters,  can  be  even  more  valuable  since  they  can  be  used  to  optimize  the  device  structure  for  improved 
performance.  Unfortunately,  it  is  difficult  to  extract  the  device’s  intrinsic  properties  from  its  externally 
measured  characteristics  which  are  often  severely  modified,  particularly  at  high  frequencies,  due  to  the 
presence  of  extrinsic  or  parasitic  elements  e.g.  shunt  capacitances,  and  series  resistance  and  inductance 
elements  as  illustrated  in  the  equivalent  network  representation  of  the  high  frequency  HBT  (without  the 
inductors)  in  Figure  1.  [1-3].  However,  by  exploiting  the  linear  dependence  of  the  intrinsic  transconductance 
on  the  collector  bias  current  of  the  transistor,  and  extrapolating  the  results  of  transformed  s-parameter  data 
presented  in  suitable  fashions,  this  paper  demonstrates  that  it  is  possible  to  consistently  separate  the  intrinsic 
and  extrinsic  equivalent  network  parameters.  This  approach  is  different  from  the  approach  of  de-embedding 
of  parasitic  from  the  overall  measured  data  [4],  and  that  of  calculating  the  T-model  parameters  from  the 
overall  measured  microwave  s-parameter  data  over  a  wide  frequency  range  [5].  In  this  work  the  majority 
of  experimental  data  were  obtained  from  the  s-parameter  measurements  carried  out  over  a  wide  frequency 
range  i.e.  from  50  MHz  to  40  GHz.  For  greater  accuracy  and  cross-checking  purposes,  data  could  also  be 
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obtained  for  the  transconductance  gm,  the  output  conductance  ga,  and  the  common-emitter  current  gain 
by  independent  measurements  at  low  frequencies  (e.g.  1  KHz  to  10  KHz). 


Figure  1  Small-signal  high-frequency  equivalent  network  model  for  the  HBT:  (a)  Physics-based 
model  (b)  Modified  model  when  the  effects  of  ree.  is  absorbed  into  other  elements. 

In  the  following  sections,  we  first  present  an  outline  of  the  theoretical  basis  on  which  the  low-frequency 
extrapolation  (LFE)  technique  has  been  developed,  then  present  the  experimental  results  that  illustrate  the 
methodology  of  extraction  of  all  the  key  parameters  and  finally  we  discuss  the  effectiveness  of  the  technique 
and  the  usefulness  of  the  extracted  intrinsic  parameters  for  understanding  the  limitations  of  the  material 
and  structure  of  the  HBT. 


Theoretical  Basis 

DETERMINATION  OF  reei:  By  analysing  the  small-signal  equivalent  network  model  as  shown  in  Figure 
1,  the  extrinsic  or  as  measured  transconductance  ( gm )  can  be  expressed  as 

—  =  —  +  r  '  Tbb'  m 

gm  gmi  ee  '  (l  +0o)  w 

where  gm,  =  qIc/nkT,  n  is  the  ideality  factor  and  f3a  is  the  small-signal  common-emitter  current  gain  at 
low  frequencies.  From  equation  (1)  it  is  obvious  that  by  plotting  j—  versus  I~ 1 ,  it  is  possible  to  extract  the 
total  resistance  [reei  +  Tbb'/(1  -f-/30)],  and  knowing  (30  and  rbb'  one  readily  obtains  reei  (see  Figure  2). 

DETERMINATION  OF  rbbr.  Again  from  the  equivalent  network  model,  it  can  be  readily  seen  that  the 
real  part  of  the  input  impedance,  excluding  the  effect  of  the  extrinsic  capacitance  cbc,  can  be  expressed  as, 


Re(~ - - - )  *  (rw,  +  r„.)  +  - - ^ - 

' F li  —  juiCbc  >  .  ,  1+ju)tticT’ 


where  rT>  —  rv/(  1  +  gra,ree'),  and  cT<  —  cT,/(l  +  gmiTee')  +  cc(l  +  9mrcc).  The  second  term  in  equation(2) 
at  high  frequencies  can  be  quite  small  and  can  be  expressed  in  terms  of  measurable  Y-parameters,  namely 


■V  ..  Mfe) 

l+jW7v<v 


Im( - 

\Yn 


By  plotting  the  impedances  given  by  equations  (2)  and  (3)  as  functions  of  frequency,  the  difference  impedance 
can  be  interpreted  as  (r6t-  +  ree<)  for  a  wide  range  of  frequencies  as  can  be  seen  from  results  presented  in 
Figure  3. 
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DETERMINATION  OF  cbc  AND  rbb'Cc:  The  output  capacitance  of  the  HBT  when  observed  with  the 
input  short-  circuited  can  be  obtained  by  dividing  the  imaginary  part  of  Y22  by  w.  At  different  operating 
collector  bias  currents  and  the  same  can  be  expressed  in  the  following  manner  [1,6] 

C22  =  Cjc  +  ccrbb>g'm 

where  g'm  =  gmi/{ 1  +  SmiTee')- 

It  is  obvious  from  equation  (4)  that  when  C22  is  plotted  as  a  function  the  transconductance  gm,  corre¬ 
sponding  to  the  selected  collector  bias  currents,  the  capacitance  cjc  =  ( cbc  +  cc)  and  the  product  rwcc  can 
be  readily  extracted  as  illustrated  in  Figure  4. 


DETERMINATION  OF  THE  INTRINSIC  TRANSIT  TIME,  rec:  Perhaps  the  most  difficult  param¬ 
eter  to  extract,  using  the  measured  s-parameter  data  or  the  transformed  Y-parameter  data,  is  the  intrinsic 
transit  time  ( reci )  which  arises  due  to  the  carrier  transport  in  the  transistor  base  region  and  in  the  collector 
depletion  region,  namely  [2] 

Wl  ,  WB+(Xdc/ 2)  m 

Teci  =  X-pT-  +  - - -  K  ! 

2  L)n  Vsat 


where  WB  is  the  basewidth,  Xdc  is  the  collector  depletion-width  and  Dn  is  the  electron  diffusion  constant 
in  the  base,  and  vtat  is  the  high  field  carrier  saturation  velocity.  This  parameter  can  be  best  obtained  by 
utilizing  a  wide  range  of  extrapolated  common-emitter  unity  current  gain  frequency  (/r)  at  different  collector 
bias  currents.  The  common  practice  is  to  plot  the  current  gain  magnitude  |h21|  versus  frequency  and  exploit 
its  6dB /octave  fall-off  behavior  at  low-frequencies  to  extrapolate  fT  [5,6]  Unfortunately,  this  approach  does 
not  work  when  the  low-frequency  value  of  h2 1  or  Po  is  low.  For  f3(J  values  between  10  and  20,  it  is  more 
appropriate  to  obtain  wr(=  2tt/t)  from  the  ratio  of  the  input  capacitance  (cu)  and  the  transconductance 
(g^)  at  low-frequencies.  The  capacitance  cn  can  be  determined  from  the  frequency  dependent  behavior  of 
Im(Yn)  at  various  operating  collector  bias  currents  as  illustrated  in  Figure  5.  From  a  careful  analysis  of 
equivalent  network  model,  it  can  be  readily  shown  that 


1  _  Cll 

“r  9'm 


{cjc  -r  CjC)  +  Teci  +  Cjc(ree,  +  rc) 

Qmi 


where  1  / g'm  —  1  / gmi  +  ree'  and  Cjc  —  cbc  +  cc- 


(6) 


As  illustrated  later  in  Figure  6,  it  can  be  seen  that  by  plotting  l/wr  versus  1  / gmi  one  can  separate 
(Cjc  +  cje)  and  the  total  time  constant,  reci  +  cjc{ ree-  +  rc),  where  cjc  =  (cfcc  +  cc).  In  order  to  be  able  to 
separate  Cjc(ree>  +  rc)  and  Teci  and  also  for  cross-checking  purposes  the  parameter  reci  can  also  be  obtained 
exploiting  the  frequency  dependent  behavior  of  |Y2iii  an(i  il16  following  expression. 

- 1 -  -  Cc  CN  4-  cc(ree>  +  rcc<)  +  Teci  (7) 

g'mrbb’U  21  9mi 

In  equation  (7)  w2i  is  the  3-dB  cut-off  frequency  of  IY2i|,  and  it  can  be  obtained  by  low-frequency  extrapo¬ 
lation  of  the  measured  quantity  [|gra/Y2'il2  “  !]  versus  frequency  as  fflustrated  later  in  Figure  7,  since 


9m 

2 

- 1  = 

U) 

^21 

U21 

(8) 


where  Y2,i  ~  ^21  +  jucbc. 


111-6 


143 


As  illustrated  in  Figure  6,  it  can  be  seen  that  by  plotting  the  composite  parameter  ( g'mTi,b'U2\)~ 1  in 
equation  (7)  versus  l/gmi,  it  is  possible  to  extract  the  total  time-constant  Cc(reei  +  rc)  +  recj.  The  difference 
between  this  and  the  previously  obtained  time  constant  can  be  used  to  determine  C6c(ree<  +  rc),  and  since  ct,c 
is  already  known  from  (cJC  —  cc),  the  sum  of  the  resistances  ( reei  +  rc)  follows.  Hence,  follows  the  intrinsic 
transit  time  reci,  provided  the  latter  remains  constant  while  the  operating  collector  current  is  varied  without 
exceeding  the  value  where  rec,  tends  to  attain  its  peak  value. 


DETERMINATION  OF  vsat'.  The  dependence  of  rec,-  on  the  collector  depletion  width  (Xjc)  as  given 
in  equation  (5)  can  be  exploited  in  order  to  obtain  the  carrier  saturation  velocity,  vsai.  For  this  purpose, 
the  equivalent  network  parameters  need  to  be  extracted  for  different  collector  bias  voltages  by  repeating  the 
entire  process  of  parameter  extrapolation  as  outlined  above.  A  knowledge  of  the  capacitance  cc  at  different 
collector  bias  voltages  and  that  of  the  emitter  area  is  sufficient  to  obtain  Xdc.  Once  v,at  becomes  known,  a 
knowledge  of  the  base  width  (Wj,)  enables  one  to  determine  Dn  or  vice  versa. 


Experimental  Results 


The  LFE  method  of  extracting  the  equivalent  network  parameters  of  the  HBT’s  as  outlined  above  has 
been  implemented  on  several  n  —  p  —  n  AlGaAs/GaAs  devices  using  the  HP  8510  network  analyzer  for  the 
frequency  range  of  0.5  to  40  GHz.  The  on-the-wafer  measurements  of  s-parameters  were  performed  using  the 
co-planar  waveguide  technique  using  collector  bias  current  ranging  from  2  mA  to  30  mA  at  Vqe  —  2 Volts. 
Only  representative  data  obtained  from  a  single  device  will  be  presented  here. 


Ic’1  (mA) 


Figure  2  Reciprocal  transconductance  versus  the 
reciprocal  collector  bias  current  plot:  deter¬ 
mination  of  r„i . 


Figure  3  Frequency  dependent  behaviore  of  Rt(Yu  - 
ya'Cfte)  1  and  r^/f  1  —  ju)Cr rr):  determination 
of  (r„.  +  rhv) 


The  details  of  experimental  determination  of  the  emitter  series  resistance  can  be  best  understood  from 
the  results  presented  in  Figure  2.  Because  of  a  rather  low  value  for  /30  in  the  particular  device  tested,  it  was 
necessary  to  account  for  the  contribution  of  the  resistance  /(I  +  /30),  and  this  was  obtained  iteratively 
between  the  results  presented  in  Figure  2  and  Figure  3  with  a  knowledge  of  f30  at  different  collector  currents. 
After  subtracting  rj,v/(l  +  /30)  from  1  /gm  a  plot  of  1  /g'm  was  obtained  which  is  also  shown  in  Figure  2. 
From  the  slope  of  the  latter  plot,  the  ideality  factor  n  is  seen  to  change  from  1.2  at  lower  currents  to  1.5 
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at  higher  currents.  These  values  are  larger  than  that  determined  from  the  collector  current  versus  the  base 
emitter  voltage  plot  (Gummel  plot)  of  the  device  at  lower  currents  ( n  ss  1.15).  The  results  also  indicate  that 
due  to  the  rise  of  junction  temperature  at  higher  coEector  currents,  the  diode  differential  resistance  may  be 
increasing  whEe  the  emitter  contact  resistance  is  decreasing  as  may  be  expected. 

The  experimental  data  presented  in  Figure  3  clearly  demonstrate  that  the  real  part  of  rX'/(l+jwrTCT) 
systematicaUy  approaches  zero  value  at  high  frequencies  revealing  the  frequency  independent  series  resistance 
(Teei+rbbi).  The  difference  between  the  two  plots  appears  to  remain  essentially  constant  over  a  wide  frequency 
range  indicating  the  validity  of  the  method  of  extracting  (ree>  +  rjj^and  that  of  the  equivalent  circuit  model 
used. 


9  m  (mS) 

Figure  4  Dependence  of  the  output  capacitance  (ejj)  Fig""  5  Frequency  dependence  of  Im[Yn)  :  deter- 

on  the  transconductance  }'m:  determination  mination  of  the  input  capacitance  by  low- 

of  cjc  and  rbvCc  product.  frequency  extrapolation 

The  coEector  current  dependence  of  the  output  capacitance  co2>  obtained  from  the  low  frequency  extrap¬ 
olation  of  Im(Y22)  are  presented  in  Figure  4,  versus  the  transconductance  g'm  ,  does  indicate  a  good  degree  of 
linearity  for  the  middle  range  bias  current  values.  This  aHowed  us  to  extract  the  total  coEector  base  junction 
capacitance  (cJC)  and  the  Tbbicc  product.  This  yielded  Cjc  ~  59 fF  and  cc  ~  3 fF  when  rbb'  %  17f2.  We 
found  Tbi)i  varying  between  19fl  and  15.5fi  when  Ic  changed  from  2  mA  to  30  mA.  From  a  knowledge  of 
the  coEector-base  depletion  layer  width  ( Xdc  as  0.55 fim)  at  VCb  ~  0.7V,  we  calculate  a  total  coEector-base 
capacitance  of  28  fF.  This  yields  an  effective  value  for  cbc  a:  25  fF.  This  suggests  that  there  is  an  excess 
coEector-to-base  parasitic  capacitance  of  34  fF  which  could  have  arisen  due  to  the  wafer  probing  of  the  de¬ 
vice  where  the  emitter  is  coupled  to  the  co-planar  wave-guide  in  a  manner  which  is  not  physicaEy  grounded. 
This  is  in  contrast  to  the  situation  when  the  device  is  mounted  on  a  microstrip  carrier.  SimEar  additional 
extrinsic  parasitic  capacitance  could  also  be  presented  between  the  base  and  the  emitter  electrodes. 

For  the  determination  of  wT  we  were  unable  to  exploit  the  expected  6dB/octave  frequency  dependency 
of  |/i21|,  because  of  the  low  value  of  0O  and  a  large  value  of  cjc.  It  is  not  difficult  to  see  that  the  former 
lowers  the  slope  of  \h2i\  versus  frequency  below  the  6dB/octave  Emit  at  lower  frequencies,  whEe  the  latter 
lowers  the  same  at  higher  frequencies.  However,  we  obtained  u)T  —  c\i/g'm  by  extracting  the  total  input 
capacitance  from  the  expected  Unear  dependence  of  Im(Yn)  at  low  frequencies  (see  Figure  5),  and  using  the 
values  of  g'm  already  obtained  (see  Figure  2).  The  results  are  graphicaEy  presented  in  Figure  6  indicating 
some  degradation  of  the  intrinsic  transit  time  above  the  coEector  current  density  of  2  x  104  A/cm2  (where 
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Noc  ~  1016  cm  3)  which  corresponds  to  approximately  8mA  for  the  test  device.  However,  with  the  limited 
linearity  of  the  curve  we  obtain  reci  %  2.75  p  sec,  after  allowing  for  c,c(ree.  +  rc).  From  the  slope  of 
this  curve  we  obtain  cje  ~  154  fF  and  this  most  likely  consists  of  an  excess  parasitic  capacitance  of  some 
unknown  magnitude  due  to  the  co- planar  waveguide  measurements.  Unfortunately,  cje  could  not  be  precisely 
determined  since  we  do  not  know  the  built-in  potential  involving  a  graded  A^Ga^^As  emitter. 


Figure  6  Dependence  of  l/<*ir  and  on  the 

reciprocal  intrinsic  transconductance 
determination  of  reet  and  parasitic  resistance 
and  capacitance  elements. 


Figure  7  Frequency  dependent  behavior  of 

determination  of  i by  low-frequency  ex¬ 
trapolation  approach  (Y’,  a  Yn  +  jUCi<). 


We  present  the  data  showing  dependence  of  [|sm/V2i|2  -  l]  in  Figure  7  in  order  to  determine  w21, 
which  clearly  indicates  ui2  dependence  when  extrapolated.  The  composite  time  constant  [g'mTww 2I)-1  when 
plotted  versus  1  /gmi  (see  Figure  6). we  observe  behavior  similar  to  that  obtained  for  the  l/uT  versus  frequency 
plot,  but  with  a  slightly  lower  intercept  and  a  lower  slope.  This  is  what  one  would  expect  by  comparing 
equations  (6)  and  (7),  due  to  the  difference  between  cJC  and  cc.  With  the  limited  data  points  we  obtain  the 
capacitance  difference  to  be  a  69  fF  which  is  slightly  higher  than  the  values  obtained  from  data  presented 
in  Figure  3.  However,  the  two  plots  in  Figure  6  indicate  reasonable  agreements  in  so  far  as  the  extraction 
of  reci  is  concerned  and  they  provide  a  basis  for  a  high  degree  of  confidence  in  the  proposed  LFE  method 
of  extraction  of  the  HBT  equivalent  circuit  parameters.  Finally,  we  present  the  extracted  equivalent  circuit 
parameter  values  in  Table  I. 

Table  I 


Extracted  Equivalent  Circuit  Parameter  Values 


Parameter 

Extracted  value 

Cje 

59fF 

Cc 

3  fF 

Cbc 

25fF 

rbb' 

15  -  17  n 

Cje 

%  154/E 

1~eci 

2.75  psec 

T’ee' 

3  n 

Tc 

i  n 

fio 

<  io 

V 

1.2  -  1.5 
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Conclusion 


A  comprehensive  new  low-frequency  extrapolation  (LFE)  technique  has  been  developed  and  implement¬ 
ed  for  the  extraction  of  small-signal  equivalent  network  parameters  of  HBT’s.  The  technique  utilizes  the 
microwave  s-parameter  data  over  a  wide  frequency  range  with  varying  collector  bias  currents.  For  the  pa¬ 
rameter  extraction  purposes  the  s-parameters  are  transformed  into  Y-parameters  which  readily  relate  to 
the  physics-based  equivalent  network  model  of  the  HBT.  New  approaches  for  obtaining  the  unity  current 
gain  frequency  (uiT),  and  the  3dB  cut-off  frequency  (w2i)  of  |Y2i|  are  introduced  which  provide  the  basis  for 
extracting  the  intrinsic  transit  time  parameter  (tcc1)  with  built-in  cross  checking  capability.  A  composite 
parameter  versus  frequency  approach  has  been  introduced  for  the  extraction  of  resistance  +  Tee’),  and 
visualization  of  its  frequency  independence.  It  is  demonstrated  that  the  LFE  technique  is  quite  powerful  in 
extracting  all  of  the  equivalent  network  parameters.  It  is  believed  that  the  proposed  LFE  method  would 
provide  the  basis  for  a  better  understanding  of  the  behavior  of  the  intrinsic  and  extrinsic  parameters  of 
emerging  high  speed  HBT’s  with  /T-values  extending  beyond  100  GHz. 
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we  report  the  high  frequency  performance  of  GaAs/AlGaAs  multiple  quantum  well  (MQW)  based  Asymmetric 
Fabry  Perot  (ASFP)  reflection  modulator.  The  measured  frequency  response  bandwidth  of  the  modulator  was  -  600  MHz  at 
an  applied  voltage  of  only  5  V  at  a  wavelength  of  -  854  nm. 

The  Asymmetric  Fabry  Perot  (ASFP)  reflection  modulators  based  on  quantum  confined  stark  effect 1,2  (QCSE) 
with  GaAs/AlGaAs  multiple  quantum  well  (MQW)  system  are  considered  promising  candidates  in  the  area  of 
photonic  switching,  optical  information  processing  and  an  interface  device  in  an  optical  interconnect  for  high 
speed  electronics  3'4.  Much  work  has  been  performed  to  study  the  optical  contrast,  reflectivity  change,  insertion 
loss,  but  little  or  no  attention  has  been  drawn  for  the  high  speed  performance  of  ASFP  modulators.  In  this  letter, 
we  present  the  results  of  the  frequency  response  of  the  ASFP  modulator. 

The  modulator  layer  structure  was  grown  by  molecular  beam  epitaxy  (MBE).  It  consists  of  1  um  n  doped  buffer 
layer  grown  on  the  n  doped  GaAs  substrate,  followed  by  a  dielectric  mirror  design  consisting  of  20  periods  of 
2.83  A  n  type  AlAs  and  25.44  A  n  type  GaAs.  Over  this  are  75  undoped  multiple  quantum  wells  (MQW)  consist¬ 
ing  of  96. 1 1  A  GaAs  well  between  59.38  A  AlGaAs  barriers.  On  top  of  this,  is  250  A  undoped  AlGaAs  buffer 
layer,  followed  by  p  doped  4556  A  AlGaAs  layer,  and  finally  there  are  two  cap  layers  of  10  A  and  40  A  p  doped 
GaAs  to  complete  the  PIN  diode  structure.  All  AlGaAs  layers  in  the  structure  contain  30%  Ail  content.  For  n  type 
doping,  Si  was  used  with  doping  concentration  -  1  x  1018  cm'3,  while  Be  was  used  for  p  type  doping  with  doping 
concentration  -  1  x  1018  cm'3.  All  AlGaAs  layers  in  the  structure  contain  30%  A!  content.  The  buffer  layer  was 
used  to  separate  the  intrinsic  region  from  any  background  doping  diffusion.  The  semiconductor  -  air  interface 
forms  the  front  mirror,  whose  reflectivity  is  0.31,  while  dielectric  stacks  grown  on  the  n  doped  GaAs  substrate 
forms  the  back  mirror,  whose  reflectivity  is  0.96.  The  structure  is  like  an  asymmetric  Fabry  Perot  cavity,  because 
of  unequal  front  and  bottom  mirror  reflectivities.  The  device  was  prepared  by  etching  mesas  of  220  um  circular 
diameter,  connected  to  a  contact  pad  of  100  um  square.  The  calculated  capacitance  of  the  device  was  4.8  pF,  for 
1.16  um  thick  MQW  region  with  an  area  of  4.799  x  104  um2  of  the  device. 

The  device  was  connected  to  the  microstrip  transmission  line  through  the  Au  bonded  wire  (5  mm  long).  The 
reverse  breakdown  voltage  of  the  device  was  30V.  The  white  light  source  was  used  to  study  the  reflection  spec¬ 
trum  of  the  modulator.  The  light  was  coupled  through  2x2  fiber  coupler,  and  perpendicular  incident  onto  the 
sample  surface.  The  reverse  dc  bias  (from  0  to  -16  V)  was  applied  perpendicular  to  the  quantum  well  layers.  To 
determine  the  driving  voltage  and  working  wavelength  for  the  speed  response  measurements,  results  of  the  differ- 
ential  contrast  (— )  defined  as  the  contrast  difference  between  two  voltages  divided  by  the  corresponding  volt¬ 
age  difference  are  presented  in  figure  1.  The  differential  contrast  peaks  increases  with  the  increase  of  reverse  bias 
V  =  ( V,  +  V2)  /2  in  the  wavelength  range  from  852  to  862  nm  (which  is  the  most  sensitive  region),  reaching  a 
maximum  value  of  -4.0  at  12  and  13V  (i.e,  cr(13,  12)  in  fig.  1)  and  then  decreases  at  higher  voltages  (i.e., 
cr(14,10)  in  fig.  1)  because  the  reflectivity  increases  (due  to  decreased  absorption)  once  reaches  a  minimum  value 
due  to  the  QCSE1,2.  It  was  noted  that  lower  voltage  difference  (i.e,  AV  =  V2-  V,)  resulted  higher  sensitivity  of 
the  device. 

An  AlGaAs  laser  diode  was  used  for  the  frequency  response  measurements.  The  incident  light  was  11  mW  and 
set  at  a  wavelength  of  854  nm.  The  reflected  light  was  detected  by  a  PIN  diode  receiver  (HP83401A).  The  bias 
dependent  modulation  response  at  different  modulation  frequencies  at  a  wavelength  of  854  nm  is  shown  in  figure 
2.  The  voltage  sensitivity  of  the  device  was  maximum  at  an  applied  voltage  of  5V  at  854  nm.  The  modulator  was 
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driven  by  an  RF  signal  from  the  swept  network  analyser  (HP  8702A).  The  RF  signal  was  10  dB  and  a  reverse  bias 
of  5V  was  superimposed  through  a  bias  Tee.  For  the  integration  of  MQW  modulators  with  VLSI  circuits  as  opti¬ 
cal  interconnects  a  significantly  lower  operating  voltage  is  desirable  (i.e,  5V  or  less).  The  frequency  responses  of 
the  receiver,  the  cables,  and  the  bias  T  were  separately  calibrated  to  enhance  the  accuracy  of  measurements.  To 
determine  the  suitability  of  the  device  for  the  speed  response  measurements,  the  return  loss  of  the  device  was  first 
measured,  without  illumination  of  the  light  and  plotted  in  Fig.  3.  The  frequency  scan  was  from  300  KHz  to  3 
GHz.  The  return  loss  of  the  device  is  insensitive  (as  expected)  of  the  frequency.  However,  a  small  resonance  of 
-  5  dB  at  450  MHz,  was  observed  in  the  return  loss  due  to  the  mismatched  impedance  of  the  device  and  transmis¬ 
sion  line.  The  frequency  response  of  the  modulator  at  an  applied  voltage  of  5V  at  854  nm  is  shown  in  figure  4. 
The  frequency  response  of  the  modulator  is  almost  flat  upto  550  MHz  and  drops  rapidly  at  higher  frequencies. 
The  measured  3  dB  frequency  response  bandwidth  of  the  modulator  was  600  MHz.  If  the  modulator  is  modelled 
as  a  simple  RC  series  circuit  in  which  the  response  is  proportional  to  the  voltage  across  the  capacitor,  then  the  3 
dB  frequency  cutoff  (Je  =  W2nRC=  650  MHz  for  50  ohm)  of  the  modulator  is  in  excellent  agreement  with  the 
measured  frequency  response.  The  measured  frequency  response  is  limited  by  the  circuit  consideration  such  as 
the  capacitance  of  the  device,  which  can  be  made  very  small  by  minimizing  the  device  area,  increasing  the  thick¬ 
ness  of  the  intrinsic  region  and  using  a  relatively  thick  polymide  layer  under  the  contact  pad  Using  these  con¬ 
siderations,  the  speed  of  the  device  can  be  increased  further,  which  is  the  object  of  our  future  research. 


In  summary,  we  have  demonstrated  the  fabrication,  differential  contrast,  and  frequency  response  of  the  ASFP 
modulator  with  GaAs/AlGaAs  MQW  system.  The  maximum  differential  contrast  of  the  modulator  was  4.0  at  an 
applied  voltage  of  12.5  V  at  862  nm.  The  frequency  response  of  the  modulator  was  600  MHz  at  an  applied  voltage 
of  only  5V  at  854  nm.  The  results  are  encouraging  for  the  subsequent  development  of  ASFP  modulators  for  their 
high  speed  of  response. 
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A  Hybrid  Quantum-Classical  Model  for  Transport  in  Tunneling 

Heterostructures 
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Program  in  Electrical  Engineering 
Erik  Jonsson  School  of  Engineering  and  Computer  Science 
The  University  of  Texas  at  Dallas 
Richardson,  TX  75083 

ABSTRACT 

Several  models  have  been  developed  to  evaluate  the  current-voltage  characteristics  of  the 
resonant  tunneling  diode  (RTD)  .  The  current  density  predicted  by  both  flat-band  model  and 
Thomas-Fermi  approximation  (or  zero-current  model)  fails  to  reproduce  the  experimental  re¬ 
sults.  We  believe  that  this  disagreement  is  due  to  the  assumption  of  perfect  electron  coherence 
in  the  tunneling  theory.  An  adjusted  Thomas-Fermi  model  which  includes  a  series  resistance  at 
either  of  the  contact  layers  has  been  tried  out,  but  the  result  is  still  unsatisfactory.  A  hybrid 
quantum-classical  approach  is  suggested  to  evaluate  self-consistently  the  electron  current.  The 
method  couples  the  quantum-tunneling  current  obtained  by  solving  the  Schrodinger  equation  in 
the  tunneling  region  with  the  classical  drift-diffusion  current  in  the  contact  layers.  The  resulting 
current  continuity  equation  is  solved  self-consistently  with  Poisson’s  equation.  It  shows  that  the 
hybrid  quantum-classical  model  gives  much  more  realistic  I(V)  curves  than  other  models. 

1  Introduction 

The  resonant  tunneling  diode  (RTD)  is  a  simple  tunneling  heterostructure  device  which  has 
shown  promising  high  frequency  performance  [1],  The  dc  I(V )  characteristic  of  the  RTD  is 
among  its  most  fundamental  properties,  and  the  details  of  the  I{V )  curve  are  quite  sensitive  to 
the  device  design.  Two  basic  methods  (  the  Schrodinger  equation  and  the  Wigner  function)  have 
been  used  to  evaluate  the  I(V)  curve  which  has  proved  to  be  very  difficult  to  predict  theoretically 
[2]- [7].  The  ultimate  solution  to  this  problem  would  be  a  complete  quantum  transport  theory, 
but  such  a  theory  is  not  yet  available.  To  assist  in  the  design  of  tunneling  diodes  and  transistors, 
it  is  desirable  to  develop  a  simple  but  efective  semiquantum  model.  Several  approaches  based 
on  the  tunneling  theory  have  been  developed  to  evaluate  the  electron  current  of  such  devices. 

The  current  density  according  to  the  tunneling  theory  is  expressed  by  integrating  over  the 
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Figure  1:  Flat-Band  model. 


transverse  energies  as  [8]: 
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where  T  is  the  transmission  probability  in  terms  of  the  probability  current  as  a  function  of  the 
longitudinal  energy  E  and  the  bias  voltage.  Eji  and  Ejr  are  the  Fermi  levels  at  the  left  and  right 
boundaries,  respectively.  The  transmission  probability  T  depends  on  the  potential  distribution 
across  the  device.  Several  models  of  potential  distribution  are  to  be  discussed  in  the  following 
sections. 

2  Theoretic  Models 

The  simplest  model  is  the  flat-band  model.  The  applied  bias  voltage  is  assumed  to  be  dropped 
linearly  across  the  well  and  the  barriers  (quantum  region)  as  shown  in  Fig.  1. 

The  second  model  is  the  Thomas-Fermi  approximation  (  or  zero-current  model)  which  is 
based  on  the  self-consistent  solution  of  the  electrostatic  potential  and  the  carrier  distribution  at 
the  two  boundary  regions.  The  carrier  densities  are  evaluated  within  a  local  quasi-equilibrium 
approximation.  The  equations  are  Poisson’s: 

-  V  •  [c(x)V<^(x)]  =  p( x)  (2) 

and  the  local  approximation  for  the  net  charge  density  p  : 

p  =  e(£  Nvf1/2[P(Ev  -  e<j))  -  Ej)]  -  £  ^^2 f3[Ef  -  (Ec  -  e<f>)\ 

V  C 
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Figure  2:  Thomas-Fermi  model. 

here  4>  is  the  electrostatic  potential,  Ej  is  the  local  Fermi  energy,  and  T  is  the  Fermi  integral  of 
order  1/2.  Ev  and  Ec  are  the  band-edge  energies  which  contain  the  heterojunction  band  discon¬ 
tinuities,  and  Nv  and  Nc  are  the  effective  densities  of  states.  Np  and  are  the  ionized  donor 
and  acceptor  densities,  respectively.  Within  the  quantum  region,  it  remains  linear  potential 
distribution  as  shown  in  Fig.  2. 

Unfortunately,  the  current- volt  age  curve  predicted  by  the  above  tunneling  calculations  fails 
to  reproduce  the  experimental  results  (as  we  will  see  some  examples  in  the  next  section).  This 
disagreement,  we  believe,  is  because  the  perfect  electron  coherence  over  the  whole  range  of  the 
device  is  assumed  and  all  the  dissipative  processes  are  neglected  in  the  calculations. 

An  adjusted  Thomas-Fermi  model  has  been  carried  out  to  take  into  account  the  imperfect 
electron  coherence  (or  limited  range  coherence),  as  shown  in  Fig.  3.  A  series  resistance  r  is 
attached  to  one  of  the  boundary  regions.  We  assume  that  the  quantum  region  is  [; n,xT\  which 
is  considered  the  range  of  the  electron  coherence,  instead  of  the  whole  range  of  the  device  as  in 
the  original  Thomas-Fermi  model.  The  boundary  positions  x\  and  xr  can  be  adjusted,  so  can 
the  series  resistance  r.  By  adjusting  xi,xr  and  r,  one  can  expect  better  result  than  the  other 
two  models,  but  the  disageement  is  still  significant,  especially  in  the  case  of  thick  barriers. 

A  hybrid  quantum-classical  model  couples  the  quantum  tunneling  current  obtained  by  (1) 
in  the  quantum  region  (  the  range  of  the  quantum  region  can  be  adjusted)  with  the  classical 
drift- diffusion  current  in  the  two  boundary  regions.  The  resulting  discretized  current  equation 
can  be  derived  as  follows. 

For  the  nondegenerate  case,  the  tunneling  current  within  the  quantum  region  [xi,xr]  can 
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Figure  3:  Illustration  of  the  parameters  used  in  the  adjusted  Thomas-Fermi  model  and  the 
Hybrid  Quantum- Classical  model. 


be  written  as  (  only  consider  electron  current)  : 

jt  «  axni  -  a2nT  (4) 

where  rt;  and  nT  are  the  electron  densities  at  xi  and  xr  respectively,  and 
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For  the  mesh  points  at  the  two  boundaries,  the  drift-diffusion  current  between  xt  and  x,+1 
is  (Si  is  the  mesh  spacing  between  Xi  and  2;+i): 
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Figure  4:  Flat-Band  and  original  Thomas-Fermi  models  at  300k.  Solid  line  is  the  Thomas-Fermi 
model,  and  dashed  line  is  the  flat-band  model. 

Therefore  the  matrix  form  of  the  continuity  equation  Ji—i/2  -  ji+\/2  =  0  can  be  written  as: 


1  0  0 

n0 

’  l  ' 

— /3i  c*i  +  -a2 

ni 

0 

-fil-i  oil  -  ai  a2 

ni 

0 

«1  Pr+1  -  a2  -&r+ 1 

nr 

0 

ftp  otp  T  ftp 

Tip 

0 

0  0  1 

72-p-j-l 

1  _ 

Then  the  above  discretized  current  continuity  equation(9)  is  solved  self-consistently  with  Pois¬ 
son’s  equation  (2). 


3  Results  and  Conclusion 

One  example  is  given  in  Fig.  4  and  Fig.  5  calculated  by  the  above  models  (well  width  =  37 A, 
barrier  thickness  =  43A,  mole  factor  =  0.244,  undoped  layer  thickness  =  150.4,  the  experimental 
data  is  from  [9]).  The  results  obtained  from  the  Flat-Band  and  the  original  Thomas-Fermi 
models  are  illustrated  in  Fig.  4.  Fig.  5  gives  the  results  of  the  adjusted  Thomas-Fermi  and 
Hybrid  quantum-classical  models.  It  is  obvious  that  the  hybrid  quantum-classical  model  gives 
the  best  matching  result.  The  remaining  valley  current  disagreement  suggests  better  predictions 
will  require  a  more  accurate  model,  which  can  take  into  full  account  the  incoherent  processes. 
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Figure  5:  Adjusted  Thomas-Fermi  Model  and  Hybrid  Quantum- Classical  model  compared  with 
experimental  results.  Solid  line  is  the  adjusted  Thomas-Fermi  Model  at  300K  (d  =  11  A,  r  = 
4.5  X  10~6flcm2,  r  is  choosen  such  that  the  simulation  matches  the  turn-on  characteristics 
obtained  from  the  experimental  result),  dashed  line  is  the  Hybrid  Quantum- Classical  model 
(, d  =  44 A,  n  =  10 cm? / {V sec))  at  300K,  long-dashed  line  is  the  experimental  result  at  300K,  and 
dotted  line  is  the  experimental  result  at  77K. 

One  also  notices  that  the  adjusted  Thomas-Fermi  model  gives  better  result  than  the  orginal 
model. 

We  have  observed  that  the  I(V)  curve  obtained  by  this  hybrid  model  is  sensitive  to  the 
values  of  mobility  /z,  quantum  region  range  x;  and  xT.  With  smaller  mobility,  peak  and  valley 
current  densities  are  smaller  and  the  peak  and  valley  voltages  are  also  smaller.  Generally,  as  d 
increases,  the  peak  and  valley  voltages  move  to  the  left,  i.e.  smaller  values,  but  the  peak  and 
current  densities  can  be  either  larger  or  smaller,  depending  on  detailed  quantum  structures. 

In  conclusion,  the  calculation  from  the  hybrid  quantum-classical  model  matches  best  with 
experimental  result  out  of  the  three  models  based  on  the  tunneling  theory.  However,  there  are 
still  some  problems  remaining  (such  as  the  low  mobility  used  in  the  calculation)  which  need 
further  research  work. 
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ABSTRACT 

We  report  calculations  of  transition  energies  as  a  function  of  applied  electric  field  for 
different  combinations  of  GaP  and  A1P  thicknesses.  Most  of  the  calculated  red  shifted 
transition  energies  fall  within  the  orange/yellow  region  of  the  visible  spectrum.  These  results 
may  prove  to  be  useful  in  designing  Stark  shift  electrooptic  devices  operating  in  visible 

wavelengths. 


INTRODUCTION 

Electric  fields  applied  perpendicular  to  quantum  wells  may  be  observed  to  shift  the 
associated  electron  transition  energies  and  optical  absorption  edges  (the  quantum  confined 
Stark  effect  or  QCSE).  The  QCSE  has  been  studied  extensively  for  Type  I,  III-V  compound 
semiconductor  systems  [1],  in  which  electron  and  hole  quantum  wells  are  formed  in  the  same 
layer.  This  effect  has  also  been  exploited  in  Type  II  (electron  and  hole  quantum  wells  are 
formed  in  adjacent  layers)  strained  Sii-xGex/Si  heterostructures  for  electrooptic  device 
applications  [2]-[3].  The  GaP/AlP  material  system,  which  also  has  Type  II  band  alignment, 
may  be  more  suitable  than  the  strained  Sii-xGex/Si  system  for  this  particular  application  since 
it  is  almost  lattice  matched.  In  addition  to  having  the  characteristic  advantage  of  Type  II 
heterostructures,  namely  large  transition  shifts  under  modest  electric  fields,  it  offers  a  potential 
application  in  the  visible  wavelength  region,  as  is  shown  in  this  work.  This  material  system  has 
another  interesting  feature:  it  is  almost  lattice  matched  with  Si  [Fig.  1]. 

Many  of  the  investigations  discussed  in  the  literature  dealing  with  the  optical  properties 
of  GaP/AlP  heterostructures  were  based  on  the  quasi-direct  band  gap  created  by  Brillouin  zone¬ 
folding  in  short  period  superlattices  (SLs)  [4]-[7].  This  effect  has  been  observed  for  periodic 
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multilayer  structures  in  which  each  period  is  only  a  few  monolayers  thick.  Such  superlattices 
exhibit  a  considerable  amount  of  overlap  of  quantum  well  wavefunctions  so  that  bands  of 
energy  are  formed.  Interestingly,  in  this  work,  we  show  that  the  large  Stark  shift  in  GaP/AlP 
multiple  quantum  wells  (MQWs)  can  be  observed  for  relatively  thick  layers  (>50A)  with 
negligible  overlap  of  wavefunctions  between  quantum  wells. 

In  this  work,  we  report  calculations  of  transition  energies  as  a  function  of  GaP  and  A1P 
layer  thickness,  and  applied  electric  field  for  GaP/AlP  MQWs  grown  on  GaP  substrates.  Most 
of  the  calculated  red  shifted  transition  energies  fall  within  the  orange/yellow  region  of  the 
visible  spectrum.  These  results  should  be  useful  in  designing  GaP/AlP  Stark  shift  electrooptic 
devices  operating  in  visible  wavelengths.  From  the  calculation  of  the  square  of  the  overlap 
integral,  we  also  show  that  the  transition  probability  decreases  with  the  applied  electric  field. 
We  believe  these  calculations  are  the  first  reported  of  their  kind  for  non- zone-folded  transitions. 

MODELS/RESULTS 

Figure  2  illustrates  the  QCSE  in  the  GaP/AlP  system,  where  Ei  and  HH!  are  the 
energies  of  the  minimum  bound  electron  and  hole  levels  in  the  quantum  well,  respectively,  and 
L  is  the  width  of  the  quantum  well.  The  band  alignment  of  these  structures  is  Type  II  [8]. 
Under  an  applied  electric  field,  the  bands  become  tilted  and  the  transition  energies  shift 
accordingly.  For  a  Type  II  band  alignment  under  applied  electric  field  8  ,  the  transition  energy 
from  the  conduction  band  to  the  heavy  hole  valence  band  is  lowered  by  AEi+AHHre£L  near 
one  wall  of  the  well  and  raised  near  the  opposite  wall  of  the  well  by  AEi+AHHi+e£L.  In  these 
structures,  the  transition  is  indirect  in  real-space  because  the  electrons  and  holes  are  spatially 
separated,  and  indirect  also  in  k- space  because  the  conduction  band  minima  is  at  the  X  point 
while  the  valence  band  maxima  is  at  the  T  point  [5].  Transitions  occur  due  to  the  overlap  of  the 
wavefunction  at  the  interfaces.  The  presence  of  a  sharp  interface  breaks  the  translational 
symmetry,  allowing  different  k  values  to  be  mixed  at  the  heterointerface.  Though  these  effects 
have  not  yet  been  experimentally  verified  for  GaP/AlP  systems,  these  mechanisms  are  believed 
to  be  responsible  for  radiative  recombination  in  Type  II  AlGaAs/GaAs  [9]  and  in  Sii-xGex/Si 

MQW  structures  [3]. 

The  band  offset  value  was  taken  from  the  recently  reported  capacitance-voltage  (C-V) 
measurements  [8]-  In  Figure  3,  the  variation  of  minimum  transition  energies  from  the  bound 
electron  to  the  bound  heavy  hole  states  are  shown  as  a  function  of  applied  electric  field  for 
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different  well/bairier  thicknesses.  The  bound  energy  states  were  calculated  using  the  Envelope 
Function  method  [10],  neglecting  the  intervalley  interaction.  Similarity  of  conduction  and 
valence  band  structures  of  GaP  and  A1P  justifies  the  use  of  this  simple  but  useful  method. 
Using  this  method  the  following  is  solved 


l .  kA  n»a* 

cos[q(LA  +  Lg)]  —  coi(kALA)coi{kBLg)  —  —{ 


~-~-)tin{kALA)tin{kBLB) 

mB  kA 


(1) 


with 


i  =  A,  B 


(2) 


where  L  is  the  layer  thickness,  m*  is  the  effective  mass,  Vj  is  the  band  edge,  and  the  subscripts 
A  and  B  denote  the  different  layers  of  the  superlattice.  The  value  E  represents  the  bound  state 
energy  of  the  quantum  wells.  For  these  calculations  the  discrete  energy  levels  are  obtained  in 
the  limit  for  "thick"  superlattices.  Table  I  lists  the  fundamental  parameter  values  used  in  the 

calculations  [11]. 


Table  I.  List  of  fundamental  parameter  values  used  in  the  calculations. 


GaP 

A1P 

Electron  effective  mass  m^/mo 

6.9 

3.67 

Heavy  hole  effective  mass  mh*/mo 

0.419 

0.513 

Lattice  constant  ao  (A) 

5.45 

5.45 

Valence  band  offset 

0.41  eV 

Note  the  red  shift  in  transition  energies  under  an  applied  electric  field  and  that  most  of 
the  red  shifted  transition  energies  fall  within  the  orange/yellow  region  of  the  visible  spectrum. 
The  shift  of  minimum  bound  state  energies  (AEl  and  AHHi)  under  an  electric  field  was 
calculated  using  the  variational  method  of  Bastard  et  al.  [12]  In  these  calculations  of  the  shift  in 
bound  state  energies,  each  quantum  well  of  the  MQW  structure  was  treated  independently  of 
other  quantum  wells.  The  quantum  wells  are  sufficiently  separated  so  that  negligible 
wavefunction  overlap  occurs  between  neighboring  quantum  wells.  Though  the  change  in 
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transition  energy  shift  equals  AE  i  +AHH  i±e£L,  the  last  term  (which  represents  the  potential 
drop  between  the  center  of  two  adjacent  layers)  prevails  and  that  leads  to  large  transition  shifts. 
Figure  3  demonstrates  that  under  the  same  electric  field,  a  larger  transition  energy  shift  should 
occur  for  thicker  layers.  Since  the  oscillator  strength  or  the  optical  transition  probability  of  the 
band-to-band  transition  is  proportional  to  the  square  of  the  overlap  integral  between  the  carriers 
envelope  functions,  we  have  calculated  (Fig.  4)  the  square  of  the  overlap  integral  between  the 
lowest  electrons  and  heavy  holes  states  as  a  function  of  electric  field  for  different  GaP/AlP 
MQWs.  These  indicate  the  rapid  decrease  of  the  transition  probability  with  electric  field, 
particularly  with  wider  wells  and  barriers.  We  see  that  there  is  high  absorption  at  zero  electric 
field  and  low  absorption  at  high  electric  field.  The  loss  of  interband  absorption  is  the  result  of 
the  decreased  overlap  of  electron  and  heavy  hole  wavefunctions  at  the  heterointerface.  It  may 
be  mentioned  here  that  in  Type  I  band  aligned  case,  a  high  electric  field  need  to  be  applied  to 
increase  the  Stark  shift.  That  may  result  in  the  problem  of  excess  leakage  current.  These  results 
indicate  that  GaP/AlP  MQWs  may  have  potential  application  in  light  modulation  by  electric 
field.  We  believe  that  these  simple  calculations  demonstrate  the  concept  that  GaP/AlP  MQW 
structures  may  be  good  candidates  for  Stark  shift  electrooptic  device  applications  operating  in 
visible  wavelengths.  However,  more  rigorous  calculations  should  incorporate  the  physics  of 
excitons. 


CONCLUSION 

In  summary,  the  results  of  transition  energy  calculations  for  the  lattice-matched 
GaP/AlP  system  are  reported.  Large  transition  energy  shifts,  even  under  modest  electric  fields, 
suggest  the  possibility  of  designing  optimum  GaP/AlP  MQW  structures  for  present  day 
optoelectronic  devices  such  as  electrooptical  modulators.  We  believe  that  these  results  should 
be  useful  for  designing  GaP/AlP  MQW  optoelectronic  devices  exploiting  the  QCSE  at  the 
visible  wavelengths. 
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Figure  1:  Energy  band  diagram  illustrating  the  QCSE  in  equally  thick  GaP/AlP  MQWs. 


Fipire  2:  Band  gaps  and  lattice  constants  of  different  III-V  materials  [7].  Lattice  constant  of 
silicon  is  5.43  A. 
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Figure  3:  Variation  of  the  transition  energies  as  a  function  of  electric  field  for 
(a)  (AlP)m(GaP)m  and  (b)  (AlP)m(GaP)n  MQWs.  The  m’s  and  n's  in  monolayer  are  shown 
in  the  legends.  Y  stands  for  yellow,  O  for  orange  and  R  for  red  wavelengths. 


111-9 


165 


indicate  that  the  transition  probability  decreases  with  electric  field. 
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Abstract 


The  feasibility  and  potential  of  laser  sources  based  on  intersubband  transitions  in 
quantum  wells  and  strained  layers  will  be  presented.  The  basic  schemes  and  proposed  structures 
for  both  electrically  and  optically  pumped  devices  are  discussed.  Both  conduction  band  and 
valence  band  quantum  wells  as  well  as  strained  layers  may  be  used  as  the  active  layer  of  these 
lasers.  These  sources  can  be  either  optically  or  electrically  pumped  with  each  having  its  own 
advantages.  Various  material  systems  which  are  appropriate  for  these  applications  will  be 
described. 


I.  Introduction 


Recent  advances  in  crystal  growth  techniques  such  as  MBE,  CBE,  and  MOCVD  have 
enabled  us  to  grow  thin  layers  of  semiconductor  materials  on  top  of  bulk  materials.  Depending 
on  the  thickness  and  the  material  properties  of  the  grown  layers,  one  can  realize  either  a  bulk  like 
or  a  quantum  well  layer.  If  the  thickness  of  the  grown  layer  is  less  than  the  de  Broglie 
wavelength  and  the  energy  gap  of  the  layer  is  different  from  the  surrounding  layers,  a  quantum 
well  can  be  realized  in  which  quantum  size  effects  become  easily  observable.  When  the  carriers 
are  confined  in  the  valence  band  of  the  layer,  the  well  is  referred  to  as  "valence  band  quantum 
well"  while  when  the  carriers  are  confined  in  the  conduction  band  of  the  layer  the  well  is  referred 
to  as  "conduction  band  quantum  well."  The  confinement  of  carriers  in  one  direction  and  the  lack 
of  confinement  in  the  other  two  directions  in  the  structure  lead  to  the  formation  of  subbands  of 
bound  states.  The  energy  separation  of  subbands  is  inversely  proportional  to  the  square  of  the 
well  width.  In  the  strained  system,  the  lattice  constant  of  the  grown  layer  does  not  match  the 
lattice  constant  of  the  substrate  which  leads  to  lifting  the  degeneracy  of  the  of  light-  (LH)  and 
heavy-hole  (HH)  subbands  at  the  Brillouin  zone  center.  If  the  strain  is  compressive,  i.e.,  the 
lattice  constant  of  the  epilayer  is  larger  than  that  of  the  substrate,  the  induced  non-degeneracy 
gives  rise  to  a  smaller  energy  difference  between  the  HH  subband  and  the  conduction  band 
compared  to  the  LH  subband  to  conduction  band  energy  separation.  If,  however,  the  strain  is 
tensile,  i.e.,  the  lattice  constant  of  the  epilayer  is  smaller  than  that  of  the  substrate,  the  non¬ 
degeneracy  leads  to  a  closer  LH  subband  to  the  conduction  band.  The  energy  difference  between 
the  top  of  the  LH  and  HH  subbands  is  proportional  to  the  strain  in  the  system.  Energy  separation 
between  subbands  in  both  quantum  well  and  strained  layers  therefore  can  be  designed  properly  to 
be  in  the  THz  range  (10-20  meV)  making  these  layers  a  suitable  material  system  for  detectors, 
modulators,  and  lasers  in  this  range  of  frequency. 


*  This  work  is  supported  by  the  NASA  Center  for  Space  Terahertz  Technology  under  contract  No. 
NAGW-1334  and  the  Army  Research  Office  the  URI  program  under  contract  No.  DAAL03-92-G-0109. 
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n.  Proposed  Structures 


1)  Intersubband  Conduction  Band  Quantum  Well  Lasers 

Recently,  several  research  groups  [see  e.g.  1-14]  have  reported  studies  on  intersubband 
transitions  in  quantum  wells  with  applications  such  as  infrared  lasers,  light  modulators 
(switches),  and  detectors.  Strong  optical  absorption  [8]  and  spontaneous  emission  [9]  due  to 
intersubband  transitions  have  been  observed  experimentally.  Although  these  observations  are 
encouraging,  in  order  to  realize  intersubband  lasers,  enough  photon  gain  should  be  achieved  to 
compensate  all  the  photon  losses  in  the  quantum  well.  The  gain  in  a  laser  system  is  directly 
proportional  to  the  population  inversion  in  the  active  layer.  To  achieve  population  inversion  in 
the  quantum  well,  both  optical  and  electrical  pumping  schemes  have  been  suggested  [1-7]. 
Figure  la  shows  the  band  diagram  of  the  simplest  electrically  pumped  intersubband  laser 
suggested  by  Mehdi  et  al.  [1]  and  Loehr  et  al  [2].  Carriers  are  injected  from  the  left  contact  and 
by  tunneling  through  the  left  barrier,  reach  to  subband  2  and  radiatively  relax  to  subband  1  and 
finally,  after  tunneling  through  the  right  barrier,  they  are  collected  by  the  right  contact.  Another 
proposed  electrically  pumped  intersubband  laser  is  shown  in  Figure  lb.  To  improve  population 
inversion  in  the  quantum  well  (the  active  layer  of  the  laser),  resonant  tunneling  filters  have  been 
utilized  in  the  structure  to  selectively  inject  carriers  into  subband  2  and  remove  carriers  from 
subband  1  [4,5]. 

The  major  problems  associated  with  the  electrically  pumped  laser  schemes  is  that  the 
confinement  factor  in  the  system,  which  accounts  for  the  reduction  in  gain  that  occurs  because  of 
the  spreading  of  the  optical  energy  beyond  the  active  layer,  is  very  low.  The  net  gain  therefore  is 
too  small  which  makes  the  laser  action  very  difficult.  This  factor  can  be  improved  by  utilizing 
the  optically  pumped  laser  scheme  where  one  period  of  its  active  layer  is  shown  in  Figure  2.  The 
structure  may  utilize  10-20  periods  of  the  well  shown  in  the  figure  to  enhance  the  confinement 
factor  about  a  factor  of  100-400.  The  proposed  scheme  uses  a  heavily  n-doped  layer  to  provide 
carriers  in  subband  1  where  a  pumping  laser  excites  carriers  from  the  subband  into  subband  4. 
After  relaxing  to  subband  3,  these  hot  electrons  radiatively  relax  to  subband  2,  and  finally  return 
to  subband  1  and  the  carrier  cycle  completes. 

In  conduction  band  quantum  wells,  the  symmetry  of  the  subbands  is  the  same.  Therefore, 
the  tunneling  and  relaxation  rates  in  the  well  only  depend  on  the  relative  energy  difference  of  the 
subbands.  Population  inversion,  which  is  a  crucial  requirement  for  laser  action,  may  be  created 
when  the  injection  and  removal  rate  of  the  carriers  from  the  subbands  are  not  identical. 
Therefore,  inverting  the  population  of  two  different  subbands  in  these  wells  is  rather  difficult. 


2)  Intersubband  Valence  Band  Quantum  Well  Lasers 

Instead  of  using  conduction  band  quantum  wells,  one  can  use  valence  band  quantum 
wells  in  similar  structures.  In  these  structures,  the  tunneling  and  relaxation  rates  of  the  hole  from 
one  subband  to  the  other  is  not  only  dependent  on  the  energy  difference  of  the  two  subbands,  but 
it  also  depends  on  the  symmetry  of  the  subbands.  This  additional  feature  of  the  subbands  in 
valence  band  quantum  wells,  makes  them  an  excellent  choice  for  inter-subband  quantum  well 
lasers.  The  origins  of  different  transition  rates  of  the  hole  from  different  subbands  are  briefly 
expressed  in  the  following: 

a.  The  tunneling  rate  is  a  function  of  the  carrier  mass  in  the  growth  direction.  The 
different  masses  of  the  holes  in  the  growth  direction,  therefore  give  rise  to  different 
tunneling  rates  for  light  and  heavy  holes. 

b.  Under  the  application  of  a  strong  magnetic  field  parallel  to  the  interface,  the  motion 
of  holes  passing  through  the  barrier  is  altered  [14].  This  can  be  considered  as  a 
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decrease  of  the  kinetic  energy  in  the  tunneling  direction  or  an  effective  increase  of  the 
tunneling  barrier.  The  additional  voltage  needed,  to  obtain  the  same  tunneling  rate  as 
in  the  case  of  zero  magnetic  field,  is  inversely  proportional  to  the  effective  mass  of 
the  hole  in  the  growth  direction. 

c.  In  strained  systems,  the  barrier  seen  by  the  light  hole  is  different  from  the  barrier  seen 
by  the  heavy  hole  due  to  the  induced  non-degeneracy  in  the  system.  Since  the 
tunneling  rate  decreases  exponentially  as  the  barrier  increases,  the  tunneling  rate 
would  have  different  values  for  the  heavy-hole  and  light-hole. 

d.  Depending  on  the  symmetry,  namely,  LH  or  HH,  of  the  subband,  the  tunneling  rate 
of  the  carriers  may  be  different.  This  provides  another  feature  which  can  be  utilized  in 
designing  systems  to  obtain  a  better  population  inversion.  The  non-radiative 
relaxation  rate  between  two  subbands  in  the  same  well  also  might  be  reduced  if  the 
subbands  have  different  symmetry. 

Any  of  a-d  or  some  combinations  thereof  may  be  exploited  in  designing  structures  for 
intersubband  lasers  where  achieving  the  population  inversion  between  the  two  subbands  involved 
in  the  radiation  is  a  vital  requirement.  The  conclusion  reached  from  the  above  argument  suggests 
that  the  threshold  of  the  input  power  (or  carrier  density)  for  lasing  should  be  lower  in  properly 
designed  valence  band  quantum  wells  compared  to  a  similar  structure  but  based  on  conduction 
band  quantum  wells.  Despite  the  aforementioned  potential  of  the  valence  band  quantum  well,  it 
has  not  been  studied  as  extensively  as  conduction  band  quantum  wells.  White  et.  al.  [15]  have 
observed  population  inversion  with  a  ratio  of  300/1  between  LH1  and  HH1  in  a  p-i-n  structure. 
The  energy  separation  between  the  two  subbands  is  21  meV  which  is  less  than  the  LO  phonon 
energy.  Since  the  population  inversion  has  been  achieved  in  this  simple  quantum  well,  one  can 
consider  a  simple  quantum  well,  similar  to  the  one  shown  in  Figure  la,  as  a  potential  structure 
for  THz  sources. 

Figure  3  shows  an  electrically  pumped  laser  scheme  proposed  by  our  group.  The  structure 
is  the  valence  band  quantum  well  version  of  the  scheme  shown  in  Figure  lb.  In  this  structure,  the 
transition  between  subband  3  and  subband  1,  as  well  as  the  transition  between  subband  2  and 
subband  0  are  undesired  and  detrimental  to  the  population  inversion  between  subband  2  and 
subband  1.  In  the  electron  version,  we  do  not  have  much  control  over  reducing  these  rates  except 
for  adjusting  the  energies  of  the  subbands.  In  the  hole  version  of  the  proposed  scheme,  however, 
one  can  make  use  of  the  properties  mentioned  before  to  reduce  these  rates  more.  Figure  3  is  an 
example  of  a  design  where  due  to  the  different  symmetry  between  subband  3  (HH  band 
symmetry)  and  subband  1  (LH  band  symmetry),  the  transition  rate  between  these  two  subbands 
is  reduced.  The  same  argument  holds  for  the  transition  from  subband  2  (HH  band  symmetry)  to 
subband  0  (LH  band  symmetry).  In  addition,  the  lighter  effective  mass  of  the  carrier  in  subband  1 
provides  a  higher  tunneling  rate  for  holes  in  this  subband.  This  further  improves  the  population 
inversion  between  subband  2  and  subband  1. 

Optically  pumped  laser  schemes  can  take  advantage  of  the  relaxation  properties  of  the 
holes  in  quantum  wells.  Figure  4  shows  a  valence  band  quantum  well  version  of  the  optically 
pumped  laser  structure  discussed  earlier  (see  Figure  2).  To  invert  the  populations  of  subband  3 
and  subband  2,  the  non-radiative  relaxation  of  holes  from  subband  4  to  2  as  well  as  from 
subbands  3  to  1  should  be  as  slow  as  possible  while  the  non-radiative  relaxation  of  holes  from 
subband  4  to  subband  3,  as  well  as  from  subband  2  to  subband  1  should  be  as  fast  as  possible.  A 
desired  symmetry  for  the  subbands  of  the  laser  is  shown  in  the  figure  where  unwanted  relaxation 
corresponds  to  different  symmetry  transitions  while  desired  relaxation  occurs  between  the 
subbands  with  the  same  symmetry. 

In  all  these  proposed  structures,  in  order  to  have  coherent  light,  we  would  like  to  retain 
carriers  in  the  higher  energy  subband  as  long  as  possible  and  let  photons  stimulate  their  radiation 
coherently.  In  addition,  to  maintain  population  inversion  in  the  structure,  the  carriers  in  the  lower 
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energy  subband  should  be  emptied  out  as  soon  as  possible.  Consequently,  relaxation  times 
between  different  subbands  in  a  quantum  well,  as  well  as  tunneling  rates  between  different 
subbands  in  adjacent  quantum  wells  are  the  key  factors  in  determining  the  achievable  population 
inversion  due  to  a  certain  current  density  or  pumping  rate  in  an  intersubband  quantum  well  laser. 
Several  studies  have  previously  been  devoted  to  intersubband  or  interwell  scattering  [see  e.g.  16, 
17].  These  studies  mostly  have  addressed  the  case  of  simple  quantum  wells  and  transition  from 
subband  2  to  subband  1. 

In  order  to  enhance  the  confinement  factor  of  the  laser,  the  use  of  optically  pumped 
structures  was  suggested  earlier.  Although,  a  considerable  improvement  may  be  obtained, 
however,  the  factor  is  still  far  below  unity  in  the  frequency  range  of  interest. 


3)  Bulk  Strained  Lasers 

As  has  been  mentioned  earlier,  the  energy  separation  between  LH  and  HH  subbands  in  a 
strained  layer  is  proportional  to  the  amount  of  strain  in  the  layer.  By  adjusting  the  strain,  one  can 
design  the  desired  energy  separation  of  the  subbands.  Depending  on  the  strain,  hoewever,  the 
thickness  of  the  strained  layer  may  not  exceed  a  certain  thickness  called  critical  thickness  for  the 
pseudomorphic  or  coherent  layer,  i.e.,  a  layer  without  any  dislocations.  The  critical  thickness  is 
inversely  proportional  to  the  strain  on  the  system.  For  the  energy  separations  that  lead  to  THz 
radiation  (around  10  to  20  meV),  this  thickness  is  more  than  100  nm  which  can  be  a  great 
advantage  for  THz  lasers  based  on  these  systems  as  will  be  discussed  later.  Figure  5  shows  the 
critical  thickness  for  InGaAs  alloys  as  a  function  of  the  frequency  which  can  be  radiated  due  to 
the  transition  of  the  hole  from  one  subband  to  the  other. 

The  far-infrared  (FIR)  amplification  of  the  electromagnetic  waves  due  to  direct  transition 
of  the  hot  holes  in  strong  electric  and  magnetic  field  (larger  than  1  kV/cm  and  1  T,  respectively, 
induced  by  a  voltage  greater  than  a  few  kilovolts  and  a  few  Amperes)  has  been  under 
investigation  [see  e.g.  18,  19].  The  observed  stimulated  emission  covers  a  broad  wavelength 
range  80-210  mm  with  a  line  width  of  about  20  1/cmand  with  pulse  emitted  power  up  to  10W. 
The  FIR  radiation  from  uniaxially  stressed  p-type  Ge  in  the  absence  of  a  magnetic  field  and  at 
lower  electric  fields  also  has  been  observed  [see  e.g.  20,  21].  The  uniaxial  strain  in  the  Ge  layer 
split  the  degenerate  valence  band  edge  at  the  Brillouin  zone  center  into  two  subbands  separated 

by  the  energy  A.  In  the  measured  structure  which  is  a  bar  of  the  semiconductor,  at  zero  electric 
field  essentially  all  of  the  holes  occupy  the  lower  energy  band  with  small  effective  mass  in  the 
stress  direction.  When  an  electric  field  is  applied  to  the  sample,  the  light  holes  heated  by  the  field 
are  transferred  to  the  upper  band  with  larger  effective  mass  and  higher  density  of  states.  The 
direct  optical  transitions  may  take  place  only  due  to  the  holes  with  energies  above  the  band-split 
energy  A. 

Instead  of  using  external  uniaxial  strain,  one  can  use  biaxial  strained  layers  which  are 
grown  on  a  lattice  mismatched  substrate.  An  electrically  pumped  p-i-p  laser  structure  based  on 
strained  bulk  systems  proposed  by  our  group  is  shown  in  Figure  6.  The  active  layer,  which  is 
intrinsic,  is  under  tensile  strain.  When  an  electric  field  is  applied  to  the  system,  the  top  of  the 
emitter  valence  band  is  aligned  to  the  top  of  the  active  layer  HH  band  while  the  top  of  the 
collector  valence  band  is  aligned  to  the  top  of  the  active  layer  LH  band.  The  applied  field  moves 
holes  from  the  emitter  valence  band  to  the  active  layer  HH  band  where  holes  radiatively  relax  to 
the  active  layer  LH  band.  Holes  are  then  collected  by  the  collector  layers.  If  the  structure  is 
designed  for  the  light  radiation  with  the  photon  frequency  of  4  THz  (~16  meV  energy 
separation),  the  thickness  of  the  active  layer  may  be  as  high  as  200  nm  as  can  be  extracted  from 
Figure  5.  Therefore,  in  these  structures  the  confinement  factor  of  the  laser  gain  can  be  improved 
by  a  factor  about  40  compared  to  that  of  the  quantum  well  system. 
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An  optically  pumped  laser  which  is  based  on  strained  bulk  layers  is  shown  in  Figure  7. 
The  active  layer  is  under  tensile  strain  and  is  p-doped.  A  laser  pump  is  used  to  excite  electrons 
from  split-off  band  to  LH  band.  Hot  electrons  in  this  band  radiatively  relax  to  HH  band  which 
create  photons  at  a  THz  frequency.  The  relaxed  holes  to  HH  band  then  relax  back  to  split-off 
band  and  complete  the  circle.  The  relaxation  time  between  LH  band  and  HH  band  will  be  long,  if 
the  energy  separation  between  the  HH  band  and  the  LH  band  at  k  =  0  (where  k  is  the  wave 
number)  is  less  than  LO  phonon  energy.  However,  the  energy  separation  between  the  split-off 
band  with  the  LH  and  HH  bands  are  more  than  LO  phonon  energy  leading  to  shorter  transition 
rates  between  these  bands. 


HL  Material  System 

The  choice  of  materials  in  none  of  the  proposed  structures  is  restricted  to  direct  band  gap 
semiconductors  and  indirect  band  gap  materials,  like  Ge  and  Si,  also  can  be  utilized  in  the  laser 
structure.  Therefore,  these  system  have  the  potential  to  be  integrated  eventually  with  other 
semiconductor  devices  in  silicon  based  integrated  circuits. 


IV.  Summary 

The  potential  application  of  the  transition  between  subbands  in  both  conduction  band  and 
valence  band  quantum  wells  as  well  as  the  transition  between  HH  and  LH  subbands  in  strained 
layers  for  THz  sources  was  discussed.  Both  electrically  and  optically  pumped  lasers  based  on 
quantum  well  and  strained  systems  were  proposed.  The  optically  pumped  schemes  offer  a  larger 
confinement  factor  compared  to  electrically  pumped  structures  in  the  same  system.  At  present 
time,  the  strained  system  seems  to  be  the  most  promising  system  in  both  electrically  and 
optically  pumped  lasers  among  the  proposed  structures.  The  confinement  factor  in  the  optically 
pumped  laser  based  on  strained  layers  can  be  as  high  as  1.  In  addition,  the  factor  is  higher  in  the 
proposed  electrically  pumped  scheme  compared  to  similar  structures  based  on  quantum  wells. 
The  choice  of  materials  in  these  structures  is  not  limited  only  to  the  direct  band  gap 
semiconductors  and  indirect  band  gap  semiconductors  such  as  Si  and  Ge  may  be  used  in  the 
active  layer  of  these  systems.  To  asses  the  performance  and  characteristics  of  the  proposed 
structures  further  study  is  being  carried  out  both  theoretically  and  experimentally. 
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Figure  1.  Electrically  pumped  laser  based  on  conduction  band  quantum  wells  a)  single 
quantum  well  [1,2]  b)  coupled  quantum  well  [4,5]. 


Figure  3.  Electrically  pumped  laser  based  on  valence  band  quantum  wells 
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Figure  4.  Optically  pumped  laser  structure  based  on  valence  band  quantum  well  lasers 


Figure  5.  Critical  thickness  of  InGaAs/GaAs  systems  as  a  function  of  frequency  which  can  be 
radiated  due  to  transition  of  holes  from  one  subband  to  the  other. 
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Figure  6.  Electrically  pumped  laser  structure  based  on  strained  layers 
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Figure  7.  Optically  pumped  laser  structure  based  on  strained  layers 
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ABSTRACT 

A  novel  pre-resonant  conductance  structure  is  observed  in  single  and  double  well 
GaAs/Ga  AL  As  resonant  tunneling  heterostructures.  This  structure  is  attributed  to  single 
electron  tunneling  through  donor  bound  states  in  the  quantum  well  as  they  cross  the  Fermi 
level.  Peaks  in  conductance  are  observed  in  devices  as  large  as  (64|i)  .  We  observe  for  the  first 
time  donor  binding  energies  in  quantum  wells  as  large  as  35  meV,  which  is  probably  due  to  the 
formation  of  a  donor  complex.  An  impressive  impurity  tunneling  conductance  structure  is  ob¬ 
served  in  double  quantum  well  structures  with  conductance  peak  heights  varying  over  3  orders 
of  magnitude.  Conductance  peaks  are  observed  before  and  after  the  main  resonant  cunent  peak 
which  are  attributed  to  tunneling  of  electrons  through  impurities  in  one  quantum  well  and  the 
quantum  state  in  the  other  well. 

INTRODUCTION 

The  subject  of  vertical  transport  through  confined  heterostructures  is  of  great  inter¬ 
est  in  view  of  the  continuous  trend  towards  miniaturized  devices  [1,2].  Quantum  well  devices 
are  being  used  in  applications  such  as  oscillators,  switching  devices,  quantum  well  transistors, 
multistate  memory  and  analog  -  digital  converters  [3].  Recently  additional  structure  is  observed 
in  the  conductance  -  voltage  characteristics  of  sub-micron  quantum  well  structures  which  is  at¬ 
tributed  to  tunneling  through  donor  bound  states  in  the  quantum  well  [4,5],  We  observe  similar 
structure  in  large  mesa  size  {(2n)2  to  (64|i)2}  single  and  double  quantum  well  heterostructures. 

The  structures  under  study  have  an  undoped  active  region,  bounded  by  150  A  of 
undoped  GaAs  spacer  layers  separating  the  Si  doped  n+  GaAs  emitter  and  collector  regions. 
The  single  well  structures  have  a  44  A  quantum  well  and  Ga0  27Al0  73As  symmetric  barriers  of 
thicknesses  118  A,  85  A  and  65  A  for  devices  2013,  2014  and  2015  respectively.  The  double 
well  structure  (device  1850)  has  an  active  region  consisting  of  two  quantum  wells  of  width  50 
A  and  80  A  separated  by  an  AlAs  barrier  of  width  15  A,  and  bounded  by  40  A  AlAs  barriers 

on  either  sides. 
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Results  and  Discussion 


Figure  1  shows  the  current  and  conductance  vs  bias  voltage  for  the  single  quantum 
well  device  2014.  The  current  peaks  are  due  to  resonant  tunneling  through  the  quasi  bound 
quantum  well  state.  The  conductance  plot  on  the  expanded  logarithmic  scale  shows  peaks  in 
conductance  prior  to  the  resonant  current  peak.  These  peaks  in  conductance  are  randomly  dis¬ 
tributed  in  voltage.  For  a  given  epitaxial  structure  the  number  of  peaks  increases  with  area  but 
the  peak  height  (AG)  is  approximately  the  same.  The  peak  height  (A 
epitaxial  structures  and  is  smaller  for  devices  with  thicker  barriers. 

We  propose  that  these  peaks  in  conductance  are  due  to  single  electron  tunneling 
through  donor  bound  states  in  the  quantum  well  [4],  Assuming  an  unintentional  impurity  con¬ 
centration  of  1014cm'3  we  estimate  approximately  two  donor  impurities  in  the  quantum  well  for 
the  2  micron  device.  Calculation  for  donor  atoms  in  a  quantum  well  predict  binding  energies  of 
15  meV  for  centrally  placed  donors  for  these  sample  structures  [6] 

When  these  donor  states  cross  the  Fermi  level  single  electrons  from  the  emitter  can 
resonantly  tunnel  through  these  states.  This  results  in  a  sudden  increase  in  current  which  shows 
as  a  step  in  I(V)  and  as  a  peak  in  the  conductance.  The  current  step  is  determined  by  - 

AI  =  e/l  e  :  electronic  charge 

T  :  life  time  of  the  donor  state 

Impurities  centrally  located  in  the  quantum  well  have  higher  binding  energies  than 
the  impurities  at  the  edge.  Impurities  are  randomly  distributed  in  the  well  and  hence  we  see  con¬ 
ductance  peaks  randomly  distributed  in  voltage.  With  an  increase  in  bias  voltage  the  number  of 
electrons  that  can  tunnel  through  the  impurity  state  increase.  But  these  channels  of  conduction 
become  saturated  with  single  electron  tunneling  and  hence  we  do  not  observe  a  further  increase 
in  current  through  this  channel  unless  the  lifetime  of  the  state  changes. 

The  lifetime  of  a  donor  state  in  the  quantum  well  is  larger  in  a  device  with  a  thicker 
barrier.  Experimentally  we  observe  the  conductance  peak  heights  (AG)  in  device  2014  (85  A 
barrier)  to  be  smaller  by  approximately  a  factor  of  10  than  the  conductance  peak  heights  in  de¬ 
vice  2015  (65  A  barrier).  This  is  in  agreement  with  the  model  indicating  that  the  height  of  the 
current  step  (and  the  corresponding  conductance  peak  )  is  inversely  related  to  the  lifetime  of  the 
donor  state.  We  do  not  observe  conductance  peaks  in  device  2013(118A  barrier)  possibly  be¬ 
cause  of  current  steps  being  below  the  measurement  threshold. 

For  donor  impurities  physically  located  nearer  to  one  barrier  in  the  quantum  well 
the  "leakage  "  of  the  donor  state  wave  function  through  the  barriers  is  more  for  the  bias  direc¬ 
tion  when  the  near  barrier  is  favorably  biased.  Thus  the  donor  states  have  different  lifetimes  for 
different  bias  directions.  This  possibly  explains  the  difference  in  conductance  peak  heights  for 
different  bias  directions  as  observed  in  Fig.  2  for  peaks  3  and  4.  Notice  that  the  first  two  peaks 
are  symmetric  implying  that  they  are  due  to  centrally  located  donors. 

Calculations  for  donor  atoms  in  quantum  wells  indicate  donor  binding  energies  of 
approximately  15  meV  for  the  devices  under  study.  A  spectroscopic  study  with  a  numerical  cal¬ 
culation  using  Thomas-Fermi  approximation  indicates  that  at  a  bias  of  approximately  0.15  V 
the  quantum  well  state  is  approximately  14  meV  above  the  Fermi  level  [7].  This  suggests  that 
the  conductance  peaks  observed  at  0.15  V  are  due  to  tunneling  through  donor  states  with  bind¬ 
ing  energies  of  approximately  14  meV  [Fig. 3].  We  also  observe  peaks  at  0.1  V.  Energy  band 
calculation  at  0. 1  V  show  the  quantum  well  state  35  meV  above  the  Fermi  level.  This  indicates 
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that  we  observe  tunneling  through  donor  states  with  binding  energies  of  approximately  35  meV. 
These  high  binding  energies  are  possibly  due  to  an  impurity  complex  formed  in  the  quantum 
well. 

The  double  quantum  well  device  1850  shows  an  impressive  structure  in  conduc¬ 
tance  due  to  impurity  tunneling.  Fig  4  shows  the  current  for  positive  bias  voltage  on  a  logarith¬ 
mic  scale.  The  peak  in  current  at  0.17  V  is  due  to  resonant  tunneling  through  the  n=l  quantum 
well  state  of  the  far  well.  The  peak  at  0.67  V  is  due  to  an  overlap  of  resonant  tunneling  through 
the  n=l  state  in  the  near  well  and  n=2  state  in  the  far  well.  The  new  step  like  structure  in  current 
at  approximately  0.3V  may  be  due  to  tunneling  through  impurity  states  in  both  the  quantum 
wells. 

Fig  5  shows  the  current  and  conductance  for  negative  bias.  The  main  current  peak  is 
very  sharp,  due  to  perfect  overlap  of  resonant  tunneling  through  the  n=l  states  of  both  the  wells. 
The  conductance  plotted  on  a  logarithmic  scale  shows  a  variation  in  peak  heights  over  three  or¬ 
ders  of  magnitude.  Fig  6  shows  the  energy  band  diagrams  obtained  from  the  spectroscopic 
study  of  this  device  at  various  bias  positions.  It  indicates  that  the  low  bias  structure  (-0.15  to 
-0.21)  is  due  to  tunneling  through  donor  states  in  the  far  well  as  they  cross  the  Fermi  level.  At  a 
higher  bias  (-0.22  to  -0.28)  when  the  impurities  in  the  far  well  align  with  the  quantum  state  in 
the  near  well  their  lifetime  decreases  suddenly,  resulting  in  another  current  step  with  a  higher 
magnitude. 

We  also  observe  structure  very  near  the  current  peak  (which  is  probably  due  to  tun¬ 
neling  through  impurities  in  both  wells),  and  after  the  main  resonance.  The  post  resonance 
structure  may  be  due  to  a  combination  of  two  mechanisms.  The  lower  bias  structure  near  -0.5  V 
is  possibly  tunneling  through  impurities  in  the  near  well  and  the  quantum  state  in  the  far  well. 
The  higher  bias  structure  near  -0.6  V  is  possibly  due  to  tunneling  through  impurity  states  bound 
to  the  n=2  quantum  state  in  the  near  well. 


Conclusions 

Conductance  structure  is  observed  in  large  area  {(64  p)  }  resonant  tunneling  de¬ 
vices  attributed  to  single  electron  tunneling  through  donor  bound  states  in  the  quantum  well. 
We  observe  for  the  first  time  donor  binding  energies  of  35  meV,  in  addition  to  the  normal 
binding  energies  of  14  meV.  We  observe  an  impressive  conductance  structure  in  the  double 
well  devices  with  peak  heights  varying  over  three  orders  of  magnitude.  In  devices  with  doped 
quantum  wells  tunneling  through  donor  states  will  be  a  dominant  factor.  Impurity  tunneling 
will  contribute  to  noise  in  resonant  tunneling  devices. 
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A  Coupled  Mode  Theory  for  Electron  Wave 
Directional  Couplers 


Andrew  M.  Sarangan,  Wei-Ping  Huang 
Department  of  Electrical  and  Computer  Engineering 
University  of  Waterloo 
Waterloo,  Canada 


Abstract 

In  this  paper,  a  coupled  mode  theory  for  electron  wave  directional  couplers  is 
presented.  The  theory  includes  the  dephasing  effect  on  electrons  due  to  temporally 
random  phase  destroying  collisions.  Using  this  scheme,  the  switching  characteristics 
of  the  electron  wave  directional  coupler  is  studied. 


The  rapid  progress  in  semiconductor  fabrication  technology  over  the  last  few  years 
has  resulted  in  significant  improvements  in  material  characteristics  and  lithography.  As 
a  result,  it  has  become  possible  to  fabricate  extremely  small  devices  in  the  nanometer  di¬ 
mensions  using  very  high  mobility  materials.  In  this  regime  of  small  dimensions  and  high 
mobilities,  electrons  begin  to  behave  as  waves,  an  entirely  new  physical  phenomenon  de¬ 
scribed  by  quantum  physics.  If  suitably  utilized,  this  feature  can  result  in  novel,  efficient 
and  fast  electronic  switches  [1].  One  such  device  that  has  been  proposed  and  studied  is 
the  electron  wave  directional  coupler  switch  [2,  3,4].  This  is  the  electronic  analogy  of  the 
optical  directional  coupler.  In  this  paper,  a  coupled  mode  theory  for  the  analysis  of  this 
directional  coupler  device  is  presented  [5].  In  particular,  the  random  dephasing  effect  has 
been  taken  into  account  in  this  model  by  including  all  phase  destroying  collisions  into  a 
single  lumped  parameter. 


Figure  1  shows  the  top  view  of  the  proposed  electron  wave  directional  coupler  device. 
It  consists  of  two  parallel  quantum  wires  fabricated  on  a  two-dimensional  electron  gas 
(2DEG).  The  2DEG  is  created  at  the  GaAs/AlGaAs  hetero-junction  interface  of  the 
semiconductor  crystal.  The  quantum  wires  are  defined  by  depositing  patterned  metal 
gates  on  the  surface  of  the  crystal  and  by  applying  a  negative  voltage  to  them,  so  that  the 
electrons  under  the  gates  become  depleted.  This  is  shown  on  figure  2.  Current  is  injected 
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from  one  of  the  two  inputs  (Source  1  or  Source  2)  while  the  other  input  is  grounded, 
and  the  outputs  are  taken  from  the  drains  (Drain  1  and  Drain  2).  The  coupling  between 
the  two  quantum  wires  causes  an  interference  between  the  electron  wavefunctions.  This 
makes  the  electrons  to  switch  back  and  forth  between  the  two  quantum  wires  in  an 
oscillatory  fashion  along  the  length  of  the  device  producing  a  switching  action.  The 
strength  of  the  coupling,  and  consequently  the  switched  current,  can  be  controlled  by  the 
potential  barrier  Vgz  between  the  two  wires.  The  conduction  band  model  of  this  device 
is  shown  on  figure  3. 


The  z  direction  will  be  taken  to  be  along  the  length  of  the  device  (direction  of  prop¬ 
agation),  and  the  x  direction  will  be  taken  to  be  along  the  width  of  the  device  (direction 
of  confinement).  If  the  ground  state  wave  functions  in  the  individual  quantum  wires  are 
represented  as  ?/h  (®)  and  02(z),  then  the  wavefunction  of  the  coupled  system  can  be 
expressed  as  a  linear  superposition  of  these  wavefunctions,  such  as 


2 

iP(x)  =  J2  aj  (*)  (*)  • 

3 

The  effective  mass  Schrodinger  wave  equation  that  governs  the  motion  of  electrons  in  a 
two-dimensional  system  is 


2  dx\m*dx)  dz\m*dz ) 


i>  =  (E-Ec(x))il>. 


By  substituting  0  (2)  into  this  wave  equation,  the  following  set  of  coupled  equations  can 
be  derived: 

Al^  =  iVia^’ 

where  X  is  the  overlap  matrix  and  M  is  the  coupling  matrix  [5].  Further,  M  can  be 
shown  to  be  hermitian,  which  makes  the  solution  of  this  equation  easier  to  obtain. 


There  are  well  established  techniques  for  solving  this  system  of  equations  [6].  When 
solved,  the  amplitudes  of  the  mutually  orthogonal  states  of  the  coupled  system,  W\  {z) 
and  W2  (z)  can  be  obtained.  The  switching  action  in  the  device  can  be  explained  as  due  to 
the  interference  pattern  between  these  two  orthogonal  states.  However,  due  to  temporally 
random  dephasing  collisions  with  phonons  and  other  electrons,  this  interference  pattern 
will  not  be  persistent  for  indefinite  2  distances.  In  fact,  the  interference  effect  can  be 
shown  to  decay  with  a  characteristic  mean  coherence  length  of  Lc.  This  Lc  is  a  quantity 
that  includes  all  the  different  phase  destroying  collisions  in  the  material  as  a  single  lumped 
parameter. 
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From  the  quantum  mechanical  expression  for  electron  current 

j  =  <*-v*  -  w) , 

the  current  density  in  the  device  can  be  expressed  as 

2 

J  =  J2  Jij  (2)  ^  (X)  ^3  (X) 

ij 

where  Jq-  (z)  is  the  current  density  matrix  element.  Further,  J,j  ( z )  can  be  split  into 

jy  contains  the  term  (a)}2  and  J2  (a)  contains  IV,,  (a)  H,‘  (a).  Therefore,  can 
be  thought  of  as  representing  the  magnitude  of  the  current  density  matrix  element,  and 
J--  (z)  as  representing  its  spatially  dependent  interference  term.  The  dephasing  effect  can 
now  be  introduced  into  the  interference  term  Jj-  (z)  as  an  exponentially  decaying  factor, 
such  as 

Jlj  ~  e~zlLc. 

The  implication  of  this  statement  is  that,  after  a  distance  equal  to  many  times  the  mean 
coherence  length  Lc ,  the  interference  effects  in  the  device  will  completely  cancel  out  due 
to  these  phase  destroying  collisions.  This  is  apparent  from  the  fact  that  J\-  — *  0  as  z 
gets  large.  Therefore,  to  observe  the  switching  effect,  it  is  desirable  to  have  the  device 
dimensions  within  the  same  order  of  magnitude  as  the  mean  coherence  length  Lc. 


As  an  example,  applying  this  model  to  the  quantum  directional  coupler  switch  shown 
on  figure  1  consisting  of  two  60nm  quantum  wires  separated  by  a  distance  of  lOOnm  each 
with  a  confining  potential  of  lmV,  the  current  density  distribution  in  the  device  will  be 
as  shown  on  figures  4  and  5.  The  energy  of  the  incoming  electrons  was  assumed  to  be 
ImeV.  As  clearly  seen  from  figure  5,  the  effect  of  the  shorter  dephasing  length  is  a  heavily 
damped  interference  pattern  that  degrades  the  switching  performance.  Figures  6  and  7 
show  the  total  current  in  each  quantum  wire  as  a  function  of  the  longitudinal  distance 
z  for  Va  =  0  and  Va  =  0.33mV,  where  Va  is  a  modulation  voltage  superimposed  on  the 
lmV  gate  voltage,  such  that  Vg3  =  lmV  —  Va.  It  can  be  seen  that,  switching  action  can 
be  realized  with  Va  =  0.33mV  (or  for  a  barrier  voltage  of  about  0.66mV)  for  a  device 
length  of  about  4.8/<m.  On  figure  8,  the  I-V  characteristics  of  this  device  is  shown.  As 
expected,  the  shorter  dephasing  length  results  in  a  smaller,  or  damped,  switching  effect. 


In  conclusion,  a  coupled  mode  theory  for  electron  wave  directional  couplers  has  been 
developed.  This  model  takes  the  dephasing  effect  on  electrons  into  account  by  lumping 
all  the  phase  breaking  collisions  in  the  material  into  a  single  mean  coherence  length  Lc. 
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Figure  1:  Top  view  of  the  quantum  directional  coupler  [2]. 
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w  =  30nm 
s  =  50nm 
V  =  lmV 


Figure  3:  Conduction  band  model  of  the  proposed  quantum  directional  coupler. 
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Figure  4:  A  three  dimensional  plot  of  the  current  density  distribution  in  the  lateral 
quantum  directional  coupler  with  Lc  =  20/mi  and  Va  —  0. 
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Figure  5:  A  three  dimensional  plot  of  the  current  density  distribution  in  the  lateral 
quantum  directional  coupler  with  Lc  =  bfim  and  Va  —  0. 


Figure  6:  Current  in  the  first  wire,  /i  (2),  versus  the  distance  z  along  the  device  for  both 
coherence  lengths  of  Lc  =  20pm  and  Lc  =  5pm  with  an  applied  voltage  Va  =  0. 


Figure  7:  Current  in  the  first  wire,  h  (z),  versus  the  distance  z  along  the  device  for  both 
coherence  lengths  of  Lc  —  20//m  and  Lc  =  5//m  with  an  applied  voltage  of  Va  =  0.33mV. 


Figure  8:  Current  in  the  first  wire,  I\  (z)  at  z  =  4.8/^m,  for  Lc  —  20pm  and  Lc  =  5pm 
with  increasing  Va 
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ABSTRACT 

Shot  noise  is  calculated  in  a  Double  Barrier  Resonant  Tunneling  Structure  (DBRTS)  by 
taking  the  space  charge  accumulated  inside  the  quantum  well  into  account.  The  calcula¬ 
tion  is  self-consistent  in  nature  and  is  obtained  by  simultaneously  solving  the  Schrodinger 
and  Poisson’s  equations.  The  calculation  manifests  the  suppression  of  shot  noise  in  the 
positive  differential  resistance  (PDR)  region  and  an  enhancement  in  the  negative  differ¬ 
ential  resistance  region  (NDR)  of  the  DBRTS.  The  behavior  is  explained  in  terms  of  the 
fluctuation  of  the  eigen  energy  of  the  structure  due  to  the  stored  charge  in  the  quantum 
well. 


INTRODUCTION 

Shot  noise  [1-3]  is  observed  in  almost  all  electronic  devices  and  is  due  to  the  fluctuations 
in  device  current.  The  fluctuations  are  attributed  to  the  randomness  of  the  carrier  flowing 
through  the  device.  In  the  resonant  tunneling  device,  the  current  is  a  very  strong  func¬ 
tion  of  eigen  energies  a.nd  thus  current  gets  modulated  by  any  parameter  which  changes 
eigen  energies.  One  such  parameter  is  space  charge  developed  inside  the  quantum  well. 
In  devices  where  eigen  energies  are  dependent  on  current,  significant  deviations  from  full 
shot  noise  may  occur.  As  the  current  affects  the  eigen  energies  through  the  space  charge 
stored  in  the  quantum  well  [4],  a  significant  deviation  from  the  full  shot  noise  behavior 
is  expected  in  the  quantum  well  device.  The  experimental  observation  of  the  suppression 
as  well  as  enhancement  of  shot  noise  in  a  double  barrier  resonant  tunneling  structure 
has  already  been  reported  [1],  However,  in  order  to  appreciate  the  phenomena  theoret¬ 
ically,  one  has  to  perform  the  calculation  of  shot  noise  self-consistently.  Brown  et.  al. 
[1]  has  presented  a  theoretical  analysis  of  the  suppression  and  enhancement  of  shot  noise 
without  taking  self-consistency  into  account.  In  this  paper,  the  analysis  of  shot  noise  is 
extended  to  incorporate  the  effect  of  space  charge  accumulated  inside  the  quantum  well 
self-consistently.  As  electron  traverses  through  a  DBRTS,  it  spends  a  finite  amount  of 
time  inside  the  structure  and  thus  the  space  charge  gets  accumulated  in  the  quantum 
well.  The  magnitude  of  space  charge  contributed  by  a  traversing  electron  is  a  function  of 
the  eigen  energies.  The  contribution  of  space  charge  due  to  an  electron  is  also  affected  by 
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the  presence  of  other  electrons.  This  gives  rise  to  two  different  types  of  correlations,  auto¬ 
correlation  that  depends  on  the  incident  energy  and  cross-correlation  that  includes  the 
effect  of  the  space  charge  due  to  other  eigen  energies.  To  make  a  self-consistent  calculation 
of  shot  noise,  these  correlation  terms  need  to  be  computed  by  solving  the  Schrodinger  and 
Poisson’s  equation  simultaneously.  In  this  paper,  these  correlation  terms  are  computed 
by  calculating  space  charge  for  every  allowed  energy  level  separately  and  then  evaluating 
the  dependence  among  different  eigen  energies  that  arises  through  the  space  charge.  Cal¬ 
culated  shot  noise  shows  a  suppression  in  the  PDR  (7  =  0.91)  and  enhancement  in  the 
NDR  (7  =  50). 


THEORY 

The  self-consistent  calculations  are  performed  by  using  the  logarithmic  derivative  of  wave- 
function.  Once  the  logarithmic  derivative  E(x,  Ex)  [4]  is  obtained  as  a  function  of  distance 
x  along  the  structure  and  the  incident  electron  energy  Ex,  the  group  velocity  vg(x,Ex ) 
[5]  is  calculated  as 


j(x,Ex)  =  -Re[a.(x,Ex)}. 


(1) 


The  determination  of  the  current  density  at  every  energy  Ex,  J(EX),  enables  the  evaluation 
of  the  space  charge  n(x,Ex) 

n(x-B‘)  =  ^iry  <2> 

Space  charge  is  calculated  for  each  allowed  eigen  energy  and  the  contribution  of  the 
space  charge  to  the  potential  profile  is  determined  by  solving  the  Poisson’s  equation. 
Accordingly,  the  potential  profile  is  modified  and  the  effect  of  the  modified  potential 
profile  on  the  other  energy  levels  and  the  level  itself  is  determined  by  calculating  J(Ex)'s 
[4]  again  and  comparing  the  new  current  density  with  the  one  calculated  before. 


aj2  =  ee[a  m,Ei)Y 

i=i  j= 1 


(3) 


where,  AJ(Elx,Ef)  is  the  difference  of  current  density  corresponding  to  energy  level  Elx 
due  to  the  space  charge  accumulated  for  energy  level  EJX}  and  N  is  the  total  number  of 
allowed  eigen  energies.  A/  is  used  to  calculate  shot  noise  in  the  structure. 


Shot  noise  power  spectrum  S  is  obtained  as 

A  J2 


S 


Sf 


where,  Sf  is  the  measurement  bandwidth.  Shot  noise  factor  7  is  calculated  as 

5 


7  = 


2qJ  ’ 


(4) 


(5) 


/here,  ./  is  the  total  current  density  [4],  and  q  is  the  electronic  charge,.  1.6x10  19  Coulomb. 
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RESULTS  AND  DISCUSSIONS 


Results  for  a  symmetric  DBRTS  are  presented  in  this  section.  The  barrier  and  the 
quantum  well  are  each  50Awide.  The  barrier  height  is  assumed  to  be  0.275eU.  The  effec¬ 
tive  mass  of  the  electron  is  0.067mo  and  0.096mo  in  the  quantum  well  and  in  the  barrier, 
respectively  and  mo  is  the  electron  rest  mass,  9.1  x  lO~31Kg.  In  the  calculation  ,  the  fermi 
level  Ef  and  temperature  T  are  assumed  to  be  0.03eU  and  4.2  degree  Kelvin,  respectively. 

In  Figs  1  and  2,  theoretical  current  voltage  characteristics  and  shot  noise  fa.ctor  as  a 
function  of  bias  voltage  are  plotted,  respectively.  As  expected,  current  starts  increasing 
with  bias  voltage  in  the  positive  differential  resistance  region  (PDR)  followed  by  the  cur¬ 
rent  peak  at  0.12V olt.  A  further  increase  of  bias  voltage  causes  a  reduction  of  current 
(NDR)  until  it  reaches  the  valley  current  at  0.18V olt.  Thereafter,  current  continues  to 
increase.  The  rise  in  current  beyond  the  valley  is  caused  by  the  onset  of  current  flow 
through  the  second  quasibound  level  in  the  quantum  well.  Fig. 2  shows  a  suppression  of 
shot  noise  factor  in  the  PDR  and  an  enhancement  in  the  NDR.  The  suppression  and  en¬ 
hancement  can  be  explained  in  terms  of  the  behavior  of  quasibound  level  of  the  quantum 
well.  As  space  charge  gets  accumulated  in  the  quantum  well,  it  will  reduce  the  effective 
voltage  across  the  well.  As  a  result,  the  quasibound  level  in  the  quantum  well  moves  up 
along  the  energy  axis.  However,  it  leads  to  a  decrease  in  the  total  current  in  the  PDR 
as  the  quasibound  level  is  moving  away  from  the  fermi  level.  On  the  other  hand,  in  the 
NDR,  as  the  quasibound  state  moves  up  along  the  energy  axis  due  to  space  charge,  it 
moves  towards  the  fermi  level  and  hence  total  current  will  be  increased.  More  current 
implies  more  shot  noise  and  greater  shot  noise  factor  and  vice  versa.  This  explains  the 
suppression  and  the  enhancement  of  shot  noise  factor  in  the  PDR  and  NDR,  respectively. 

Fig. 3  shows  the  space  charge  that  is  stored  in  the  quantum  well  as  a  function  of  bias 
voltage.  It  is  to  be  noted  that  the  peak  in  the  space  charge  distribution  corresponds  to 
the  current  peak.  Thus,  the  greatest  contribution  to  the  shift  of  quasibound  level  due  to 
space  charge  occurs  when  the  space  charge  becomes  the  maximum  (  0.12 Volt).  Since,  this 
voltage  is  situated  just  at  the  onset  of  the  negative  resistance  region,  eigen  energies  are 
shifted  up  by  a  considerable  amount  and  again  there  are  relatively  few  electrons  available 
to  tunnel  through  causing  a  reduction  of  shot  noise  factor.  From  Fig. 2,  it  is  also  noted 
that  the  enhancement  of  shot  noise  gets  peaked  not  at  the  voltage  corresponding  to  peak 
current  rather  at  a  higher  voltage.  It  can  be  explained  in  the  following  manner.  The 
current  becomes  maximum  when  the  first  eigen  energy  is  aligned  with  the  fermi  level  of 
the  emitter.  Moreover,  the  space  charge  moves  the  eigen  energy  up  along  the  energy  axis. 
Thus,  effectively,  eigen  energy  will  be  aligned  when  device  is  operated  in  the  negative 
resistance  region.  This  explains  why  shot  noise  becomes  the  maximum  in  the  negative 
resistance  region  not  at  the  onset  of  negative  resistance  region. 
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CONCLUSION 

The  computation  of  shot  noise  shows  suppression  in  the  PDR  and  enhancement  in  the 
NDR  of  a  DBRTS.  The  observation  agrees  qualitatively  with  the  experimental  results  [1]. 
The  two  opposite  behaviors  are  explained  in  terms  of  space  charge  stored  in  the  quantum 
well. 
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Abstract 


A  numerical  simulation  program  for  two-terminal  transit-time  devices  based  on  the  energy-momentum 
transport  model,  with  valence  band  to  conduction  band  tunneling  phenomena  incorporated,  has  been 
developed.  This  program  can  deliver  accurate  TUNNETT  and  MITATT  device  simulation  results  in 
the  millimeter  and  submillimeter  range,  and  therefore  provides  a  useful  tool  for  high  frequency  device 
structure  design  and  optimization. 

Simulation  results  for  GaAs  TUNNETT  and  MITATT  devices  for  frequencies  above  100  GHz  will 
be  presented.  As  simulation  results  show,  the  negative  resistance  of  the  device  decreases  rapidly  as  the 
operating  frequency  increases.  Under  such  circumstances,  the  contact  resistance  severely  degrades  the 
device’s  RF  performance.  When  a  diode’s  negative  resistance  becomes  lower  than  the  contact  resistance, 
no  RF  power  can  be  generated.  To  overcome  this  difficulty,  device  structures  using  no  ohmic  contacts  are 
investigated.  In  these  devices,  Ohmic  contacts  are  replaced  by  Schottky  contacts,  and  also  p-n  junctions 
are  replaced  by  Schottky  junctions  for  single-drift  structures.  Since  the  metal-semiconductor  contact 
resistance  is  eliminated  or  greatly  reduced  in  such  devices,  they  are  very  promising  as  RF  power  sources 
at  extremely  high  frequencies. 


1  Introduction 

Tunnel  injection  transit-time  (TUNNETT)  and  mixed  tunneling  and  avalanche  transit-time  (MITATT) 
diodes  are  two  potentially  useful  RF  power  sources  at  extremely  high  frequenciesfl].  The  valence  band  to 
conduction  band  tunneling  by  electrons  in  such  devices  has  a  profound  effect  on  the  device  performance. 
In  the  past,  many  numerical  simulation  programs  have  been  developed  to  simulate  transit-time  devices, 
mostly  for  simulation  of  impact  ionization  avalanche  transit-time  (IMPATT)  diodes[2,  3].  The  free  charge 
carrier  transport  models  used  in  such  simulations  are  the  drift-diffusion  model  and  energy-momentum 
model[4].  Programs  based  on  the  drift-diffusion  model  are  more  popular  because  of  its  simplicity.  The 
energy-momentum  model,  due  to  the  large  number  of  partial  differential  equations  to  solve,  is  less 
frequently  adopted  in  simulation. 

Simulation  of  the  interband  tunneling  process  is  still  rare  today.  Recently  Dash  and  Pati  developed 
a  generalized  method  to  include  the  tunneling  mechanism  in  their  simulation [5].  Their  simulation  was 
based  on  the  simple  drift  model  (no  diffusion  currents),  and  was  limited  to  DC  or  small-signal  analysis. 
And  their  simulation  lacks  verification  with  measurement  data  for  real  devices. 

We  developed  the  large-signal  energy-momentum  program  to  simulate  TUNNETT  and  MITATT 
diodes.  Tunneling  currents  are  modeled  and  incorporated  in  the  transport  models.  A  real  W-band  diode 

tThis  work  was  supported  by  the  Army  Research  Office  under  contract  No.  DAAL03-92-G-0109  and  Navy  under  contract 
N60530-92-M-E959. 
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is  simulated  using  both  models,  and  simulation  results  agree  with  experimental  measurements^]. 

From  previous  simulation  work,  it  is  known  that  the  series  resistance  of  two-terminal  transit-time 
devices  seriously  degrades  the  RF  performance  especially  at  high  frequencies^].  First  of  all,  it  consumes 
part  of  the  RF  power  generated  by  the  device.  Second,  it  reduces  the  device’s  efficiency.  Third,  it  coun¬ 
teracts  a  device’s  negative  resistance,  rendering  a  more  difficult  matching  situation.  When  the  negative 
resistance  gets  small,  the  diode’s  cross-sectional  area  has  to  be  reduced  for  matching  to  a  specific  load, 
and  therefore  the  generated  RF  power  is  reduced.  Furthermore,  if  a  device’s  internal  negative  resistance 
is  smaller  than  the  series  resistance,  no  RF  power  can  be  delivered  to  the  external  load.  To  overcome 
such  difficulties,  Schottky  contact  TUNNETT/MfTATT’s  are  currently  considered  for  RF  power  gener¬ 
ation  above  100GHz.  In  such  devices,  the  Ohmic  contacts  are  replaced  with  Schottky  contacts,  which, 
when  depleted,  impose  no  potential  barrier  to  electrons  or  holes  except  a  small  probability  of  quantum 
reflection  as  shown  in  Figure  1.  Outflowing  carriers  near  the  Schottky  contact  regions  are  pushed  by  the 
electric  field  toward  the  contacts  and  collected.  Little  contact  resistance  is  expected  in  such  devices. 


Schottky  Contact 


Schottky  Contact 


•  Electrons  and  holes  see  no  potential  barriers  and  hence 
are  collected  by  the  Schottky  contacts  easily. 


Figure  1:  The  operating  principle  of  Schottky  contact  TUNNETT/MfTATT  devices. 

In  this  work,  four  GaAs  Schottky  contact  TUNNETT/MITATT  devices  operating  from  170  GHz  to 
370  GHz  are  simulated  using  the  energy-momentum  transport  model.  In  the  simulation,  three  major 
carrier  generation  mechanisms  are  considered,  i.e.  impact  ionization,  interband  tunneling  and  metal- 
semiconductor  tunneling. 


2  Transport  Theory 

The  two  most  commonly  used  transport  models  for  semiconductor  device  simulation  are  the  drift-diffusion 
(DD)  model  and  the  energy-momentum  (EM)  model.  In  the  DD  model,  charge  carriers  respond  imme¬ 
diately  to  the  external  electric  field  and  reach  steady  state  without  any  delay  in  time,  while  the  energy- 
momentum  model  requires  relaxation  times  for  carriers  to  adjust  their  energy  and  momentum  before 
reaching  steady  state.  Due  to  this  transient  nature  of  the  EM  model,  free  carriers  exhibit  velocity  over¬ 
shoot  and  undershoot  effects  in  response  to  the  change  of  electric  field.  This  kind  of  transient  response 
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can  also  be  observed  in  Monte  Carlo  simulations.  By  using  correct  relaxation  times,  the  EM  model  can 
depict  carrier  behavior  in  remarkable  agreement  with  Monte  Carlo  observations]?]. 

In  the  EM  simulation  program  developed  by  us,  holes  still  follow  the  drift-diffusion  equation,  while 
electrons  are  described  by  a  variation  of  the  two-valley  drift-diffusion  equation  with  the  mobilities  and 
diffusion  coefficients  being  functions  of  electron  energies  instead  of  the  electric  field.  Two  energy  equations 
govern  the  electron  energies.  The  following  equations  are  solved  by  the  EM  simulation  program: 


JP  =  <1PPp(e)e  ~  <1dp(e)q ~ 


J n\  =  qnifini(wi)E  +  qDni(wi)-^- 

dtiQ, 

Jn2  =  qn2Pn2(w2)E  +  qDni(w2 )-Q^- 

dwi  _  Jn\E  uq  —  wth 

dt  tii  Tua(u;l) 

dw2  _  Jn2E  w2  -  wth 

dt  n2  tw2(w  2) 


dp  _  _}_^p_  ,  r 

8t  q  dx  +  p 

dnl  _  1  dJm 

~ET  ~ - n - '  vrnl 

dt  q  dx 


dn2  _  1  dJn  2 
dt  q  dx  "2 

where  Wth  =  | ksT  is  the  thermal  equilibrium  energy  for  electrons,  and  Gp,  Gn\  and  G„ 2  are  given  by 


Gp  —  Gji  +  Gt  +  Gth  —  Rth 


Gni  —  Gu  +  Gt  +  Gth  —  Rth  + 

G  -  nl 


n2 


nl 


rn2_,(«'2)  rni_^(tnl) 
n2 


TnM(w  1)  r„3_I(w2) 


Close  examination  of  the  above  equations  reveals  that  the  momentum  relaxation  times  for  electrons 
are  actually  neglected  in  the  program.  This  is  justified  by  the  fact  that  the  momentum  relaxation  times 
are  generally  much  smaller  than  the  energy  relaxation  times. 

Metal-semiconductor  tunneling  at  Schottky  contacts  is  modeled  as  part  of  the  current  boundary 
condition.  Every  time  the  current  boundary  condition  is  to  be  applied,  the  program  evaluates  terminal 
inflow  currents  by  using  the  contact  electric  fields  and  an  electric  field-current  table  for  Schottky  contacts. 


3  Material  Parameters 

The  material  used  for  devices  in  this  work  is  GaAs.  Since  these  devices  are  intended  for  RF  power 
generation,  the  material  lattice  temperature  is  usually  very  high.  500°K  is  assumed  throughout  this  work. 
The  majority  of  the  material  parameters  used  by  the  simulation  programs  are  generated  by  a  traditional 
Monte  Carlo  (MC)  program[8].  This  MC  program  provides  the  values  of  electron  velocities,  diffusion 
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coefficients,  relaxation  times  and  electron  energies  as  functions  of  the  electric  field  up  to  3000  kV/cm. 
The  methods  used  to  evaluate  the  relaxation  times  are  similar  to  those  proposed  by  Stewart  et.  al. [7], 
while  the  electron  (longitudinal)  diffusion  coefficients  are  calculated  in  the  MC  program  using  the  method 
mentioned  by  Fawcett[10].  Other  electron  parameters  such  as  the  material  intrinsic  concentration  and 
electron-hole  recombination  lifetime  and  all  the  hole  parameters  are  set  according  to  empirical  expressions 
or  assumed  values.  Figure  2  shows  the  various  time  constants,  electron  velocities  and  diffusion  coefficients 
obtained  from  Monte  Carlo  for  GaAs  at  500° K,  assuming  the  impurity  doping  is  5  ■  1017  cm-3. 


Figure  2:  Time  constants,  electron  velocities  and  diffusion  coefficients  for  GaAs  at  500°K  used  in  simu¬ 
lation. 

Two  important  material  parameters  used  by  the  simulation  programs  are  the  impact  ionization 
and  tunneling  rates.  They  have  very  profound  effects  on  the  device  operation,  but  still  lack  adequate 
determination  in  the  electric  field  range  where  the  devices  are  operated  (up  to  3000  kV/cm).  The  impact 
ionization  generation  rate  is  expressed  as 

Gjj  =  (ocnJn  +  otpJp)  /  9 

with  an  and  ap  being  given  by 

oin  =  A„  exp  [—(Bn/E)2] 
ap  =  Ap  exp  [-(Bp/E)2] 

For  GaAs  at  500° K,  we  use 

An  =  Ap  =  2.1205  x  105  cm-1 
Bn  =  Bp  =  6.71  x  105  V/cm 

As  to  the  interband  tunneling  rate,  we  adopt  the  expression  which  complies  with  the  highly  idealized 
form  proposed  by  Kane[ll]  as  shown  below 

Gt  =  AtE2  exp  (—Bt/E) 

For  GaAs  at  500° K,  we  use  the  following  values  for  At  and  By 

At  =  1  x  1020  cm-'s-'V'2 

Bt  —  1.2  x  107  V/cm 


111-14 


197 


The  dead  space  for  impact  ionization  and  interband  tunneling  is  considered  in  the  simulation  program. 
For  impact  ionization,  the  energy  relaxation  effect  automatically  includes  the  dead  space  in  the  model. 
As  to  interband  tunneling,  we  use  the  bandgap  to  determine  the  dead  space  as  illustrated  in  Figure  3. 
The  principle  is  that  tunneling  only  occurs  where  there  are  empty  states  in  the  conduction  band  and 
filled  states  in  the  valance  band. 


Figure  3:  Dead  space  for  interband  tunneling.  Figure  4:  The  impact  ionization  and  tunneling  gen¬ 
eration  rates  for  GaAs  at  500°K. 

In  the  EM  program,  all  material  parameters  for  electrons  except  the  tunneling  rate  are  tabulated 
according  to  the  electron  energy.  In  other  words,  they  are  treated  as  functions  of  the  electron  energy 
instead  of  the  electric  field.  The  tunneling  rate  is  considered  as  a  function  of  the  electric  field  since  it 
is  related  more  to  the  electric  field  that  electrons  in  the  valence  band  experience  than  to  the  energy  of 
electrons  in  the  conduction  band.  Figure  4  shows  the  impact  ionization  and  tunneling  generation  rates 
for  500° K  GaAs  that  are  used  in  the  simulation  programs.  Inside  the  simulation  program,  the  impact 
ionization  rate  is  transformed  to  be  a  function  of  electron  energy. 


4  Device  Structure 

Four  GaAs  Schottky  contact  TUNNETT/MITATT’s  are  investigated  in  this  work.  These  four  diode 
structures  to  be  simulated  have  not  been  optimized  for  maximum  RF  power  generation. 


Diode 

lq  (nm) 

Id  (nm) 

Ndl 

(cm  3) 

Nd2  (cm-3) 

Jdc  (kA/cm^) 

D1 

33.75 

166.5 

4 

1018 

1.3- 1017 

75 

D2 

33.25 

115.5 

4 

To15 

2  •  10r' 

100 

D3 

33.75 

67.5 

4 

1018 

4  •  101V 

150 

D4 

37 

37 

4 

1018 

7  ■  101' 

200 

Table  1:  Device  Structures  under  simulation. 

Table  1  shows  the  diode  structures,  where  lg  is  the  length  of  the  heavily  doped  generation  region 
with  doping  Ndi,  ld  is  the  length  of  the  drift  region  with  doping  Nd 2,  and  Jdc  is  the  DC  bias  current 
for  each  structure.  All  the  devices  have  the  same  generation  region  doping  {Nd\  =  4  •  1018  cm-3)  since 
we  want  the  doping  to  be  as  high  as  possible  to  make  lg  short  while  Ndl  =  4  ■  1018  cm-3  is  close  to  the 
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maximum  doping  achievable  by  MBE.  When  the  operating  frequency  gets  higher,  we  apply  higher  DC 
bias  current  in  order  to  increase  the  negative  resistance. 


To  understand  the  need  of  high  bias  current  for  high  negative  resistance,  we  write  down  the  negative 


resistance  of  the  diode  as 


-R  = 


-G 

G2  +  B2 


(1) 


where  B  and  -G  are  the  diode’s  susceptance  and  negative  conductance,  respectively.  At  frequencies  as 
high  as  300  GHz,  B  is  usually  dominated  by  the  diode’s  capacitance  C  and  is  much  higher  than  -G. 
Therefore  the  diode’s  negative  resistance  is  approximated  by 


-■Rut 


-G 

uj2C2 


(2) 


In  the  above  expression  for  negative  resistance,  the  capacitance  is  essentially  independent  of  the  bias 
current  density.  To  increase  -R,  we  may  try  to  increase  -G.  Increasing  the  bias  current  density  has 
the  effect  of  increasing  the  negative  conductance  since  at  higher  current  density  the  same  amount  of  Vrj 
causes  greater  AC  current. 

Also  note  the  doping  in  the  drift  region,  Nd2,  must  be  high  enough  to  accommodate  the  space 
charge  effect.  Therefore,  Nd2  gets  higher  in  higher  frequency  devices.  The  generation  region  length, 
/  is  determined  by  making  the  electric  field  at  the  junction  of  the  generation  region  and  drift  region 
400  ~  500  kV/cm  to  suppress  carrier  generation  in  the  drift  region. 

The  labels  Dl,  D2,  D3  and  D4  refer  to  diodes  with  Jdc  =  75,  100,  150  and  200  kA/cm2,  respectively. 
This  labeling  will  be  used  consistently  during  the  report. 


5  Simulation  Results  and  Discussion 


The  simulation  can  be  divided  into  two  parts:  the  DC  and  AC  simulations.  DC  simulation  is  necessary 
to  provide  the  initial  condition  to  AC  simulation.  Table  2  shows  the  bias  conditions  calculated  from  the 
DC  simulation.  From  it,  one  can  see  that  impact  ionization,  instead  of  interband  tunneling,  dominates 
the  charge  generation  process  even  in  high  frequency  diodes.  Two  factors  contribute  to  the  dominance 
of  impact  ionization  —  one  is  the  high  bias  current  density,  which  enhances  only  the  impact  ioniza¬ 
tion;  the  other  is  the  significant  generation  region  expansion  phenomenon  for  impact  ionization  at  high 
frequencies[6] . 


Diode 

Bias  Voltage  (V) 

Bias  Current  (kA/cm2) 

Tunneling  Current  (kA/ cm2) 

Dl 

10.06 

75 

32.5  n 

D2 

8.89 

100 

38.2 

D3 

7.52 

150 

54.9 

D4 

6.37 

200 

83.0 

Table  2:  Device  DC  bias  conditions  calculated  from  the  EM  DC  simulation. 

Note  that  diode  D4  has  slightly  higher  tunneling  current  than  the  other  diodes.  This  is  because  D4’s 
drift  region  is  designed  to  have  lower  electric  field  so  that  electrons  in  the  drift  region  can  have  higher 
drift  velocity.  The  low  electric  field  in  the  drift  region  also  makes  the  generation  region  expansion  effect 
less  pronouced  in  D4,  which  leads  to  reduced  contribution  from  impact  ionization. 
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Frequency  (GHz) 


■  No  Ohmic  Contact  Resistance 
a  ^  =  n-crf 
•  ^  =  2-ia,ncmj 
7  J^»5-i(r,a-cirf 


t  (Mm) 

!(*) 

! 

D1 

12.6 

8.2 

64.3 

D2 

10.1 

6.1 

38.7 

D3 

6.3 

4.2 

13.7 

D4 

4.0 

1.6 

2.28 

Figure  5:  Energy-momentum  AC  simulation  results  for  GaAs  Schottky  contact  devices  matched  to  1  fi. 


AC  simulation  results  are  summarized  in  Figure  5,  in  which  the  external  load  is  assumed  to  be  1 
Q..  The  diode  diameters  are  determined  by  matching  the  impedance  to  1  fi.  Vrj  is  swept  in  small 
steps  to  find  the  maximum  output  power.  Simulations  are  also  carried  out  over  frequency  range  to 
search  for  the  optimum  operating  frequency.  The  figure  also  shows  the  RF  output  power  if  there  existed 
contact  resistance  as  is  the  case  in  conventional  TUNNETT/MITATT  devices  which  employ  Ohmic 
contacts.  From  it,  one  can  see  that  the  series  contact  resistance  severely  reduces  the  device  performance 
at  high  frequencies  because  of  the  decreased  device  negative  resistance.  It  is  obvious  that  Schottky 
contact  TUNNETT/MITATT  devices  have  superior  RF  performance  at  high  frequencies  compared  with 
conventional  structures. 

The  low  negative  resistance  at  high  frequencies  is  mainly  due  to  the  device  capacitance,  whose  effect  on 
the  negative  resistance  can  be  seen  in  Equation  2.  Since  the  capacitance  is  proportional  to  the  operating 
frequency  that  the  device  is  designed  for,  it  turns  out  that  the  relationship  of  negative  resistance  and 
frequency  is  given  by 

-R(Xj4  (3) 

To  increase  the  negative  resistance  —R,  the  following  measures  can  be  considered: 

•  Use  high  drift  velocity  materials  such  as  InP  to  increase  the  drift  region  length,  and  therefore 
decrease  the  device  capacitance. 

•  Design  structures  with  lower  electric  field  in  the  drift  region  to  have  higher  electron  velocity.  This 
again  can  lead  to  longer  drift  region  length. 

•  Adopt  the  double-drift  instead  of  single-drift  structures  to  achieve  longer  device  length.  However, 
tunneling  current  is  lower  in  such  devices  since  the  generation  region  length  is  also  longer.  The 
operating  frequency  will  decrease. 

•  Cool  the  device  in  liquid  nitrogen  to  increase  the  carrier  velocity.  Nevertheless,  the  tunneling 
current  is  suppressed  at  low  temperature. 
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•  Bias  the  device  with  higher  current  to  increase  —  R  as  explained  in  the  preceding  discussion.  Note 
that  the  bias  current  is  limited  by  the  heat  dissipation  capability. 

•  Use  low  bandgap  materials  such  as  InGsAs  in  the  generation  region  to  increase  the  negative  con¬ 
ductance.  InGaAs/InP  heterojuction  TUNNETT/MITATT  design  may  be  the  direction  since  we 
get  enhanced  generation  currents  (especially  the  tunneling  currents),  high  electron  drift  velocity 
and  low  diffusion  currents  in  the  drift  region. 


Future  simulation  work  will  be  to  design  optimized  structures  using  the  developed  simulation  program, 
simulate  devices  with  different  materials  such  as  InGaAs  and  InP,  and  simulate  heterojuction  structures. 


6  Conclusion 

Interband  tunneling  has  been  included  in  the  energy-momentum  transport  model  program  to  simulate 
operation  of  TUNNETT  and  MITATT  diodes.  Also  the  tunneling  currents  at  Schottky  contacts  are 
modeled  in  the  current  boundary  condition  so  that  Schottky  contact  TUNNETT/MITATT’s  can  be 
simulated. 

At  high  frequencies,  conventional  TUNNETT  and  MITATT  diodes  performance  is  severely  limited 
by  the  contact  resistance.  Schottky  contact  TUNNETT/MITATT’s,  which  exhibit  much  lower  contact 
resistance  than  those  having  Ohmic  contacts,  are  promising  as  RF  power  sources  at  frequencies  well 
above  100  GHz. 
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ABSTRACT 

In  this  paper,  we  present  a  study  of  the  electrical  and 
physical  properties  of  uncapped  AlSb,  grown  by  molecular 
beam  epitaxy.  Large  concentrations  of  oxygen  have  been 
observed  in  the  uncapped  undoped  AlSb  layers,  resulting  in 
extremely  large  sheet  hole  densities  (as  high  as  3  X  10*5  cm-  2 
with  the  corresponding  mobilities  of  about  60  cm^V'ls'!). 
However,  for  the  AlSb  layers  capped  with  50  A  of  GaSb,  oxygen 
does  not  penetrate  beyond  the  GaSb  cap  layer,  and  the 
underlying  AlSb  layer  is  highly  resistive. 

X-ray  photoelectron  spectroscopy  (XPS)  has  been  used  to 
analyze  the  surface  oxides  for  the  uncapped  AlSb  layers.  Three 
different  oxides  have  been  observed  on  the  surface  of  the 
uncapped  layers:  AI2O3,  Sb2C>5,  and  Sb2C>3. 

I.  INTRODUCTION 

AlSb/InAs  heterojunction  system  is  finding  increased  use 
in  various  electronic  structures,  such  as  heterojunction  field 
effect  transistors  and  heterojunction  bipolar  transistors.l  It 
is  known  that  AlSb  oxidizes  very  rapidly  in  air.  To  prevent 
oxidation,  AlSb  epilayers  are  usually  capped  with  50  to  100  A 
of  GaSb.!"7  The  electrical  properties  of  the  capped  AlSb  have 
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been  investigated  extensively.  1'7  However,  there  has  been  no 
study  on  the  properties  of  uncapped  AlSb.  In  this  paper,  we 
present  a  study  of  the  electrical  and  physical  characteristics  of 
uncapped  AlSb. 

II.  EXPERIMENTAL 

AlSb  layers  (0.3-1  pm  thick)  were  grown  by  molecular 
beam  epitaxy  on  semi-insulating  (100)  GaAs  substrates,  with  a 
substrate  temperature  of  500  °C  and  a  growth  rate  of  0.3 
pm/h.  The  Sb  (Sb4)  to  A1  beam  equivalent  pressure  ratio  was 
30.  Capped  layers  were  also  grown,  with  a  thin  (50-100  A) 
GaSb  layer  deposited  on  top  of  the  AlSb  layer.  Neither  the 
capped  nor  the  uncapped  layers  were  intentionally  doped. 
Typical  background  carrier  concentration  levels  obtained  in 
epitaxially  grown  GaAs  were  in  the  range  of  1014-1015  cm-3, 
due  to  unintentional  impurities.  Similar  background  doping 
levels  are  expected  for  the  AlSb  layers. 

The  capped  and  uncapped  samples  were  characterized  by 
Hall  and  transmission  line  model  (TLM)  measurements. 
Conventional  photolithographic  and  wet  chemical  etching 
techniques  were  used  to  make  Hall  and  TLM  structures  on  the 
samples.  Before  and  after  each  wet  chemical  etch,  HCTH2O 
(1:1)  was  used  to  remove  surface  oxide  layers.  In  addition, 
immediately  prior  to  loading  of  the  samples  into  an  e-beam 
evaporator,  a  low-power  RF  plasma  clean  in  O2  and  a  final 
HCLH2O  (1:1)  oxide  strip  were  performed.  Cr/Au  (100  A/2000 
A)  contact  metallization  was  then  deposited  on  the  samples. 
Hall  and  TLM  measurements  were  taken  before  and  after 
contact  anneals. 

X-ray  photoelectron  spectroscopy  (XPS)  was  performed  to 
identify  the  surface  oxides  present  on  the  uncapped  samples. 
Auger  electron  spectroscopy  (AES)  was  used  to  determine  the 
material  composition  of  the  capped  and  uncapped  samples. 


III.  RESULTS  AND  DISCUSSION 


For  Hall  and  TLM  measurements,  the  as-deposited  Cr/Au 
metal  contacts  were  non-linear  and  exhibited  high  contact 
resistance  for  both  the  capped  and  uncapped  samples.  After 
annealing  the  contacts,  the  capped  layers  were  still  highly 
resistive.  In  contrast,  after  annealing  the  uncapped  layers  at 
300  °C  (for  1  min.  in  forming  gas),  the  contacts  showed  linear 
characteristics. ^  The  uncapped  layers  were  conductive  and 
exhibited  extremely  large  p-type  conduction,  with  sheet  hole 
density  as  high  as  3  X  10 15  cnr2  with  the  corresponding 
mobility  of  60  cm2V'ls'l. 

A  piece  of  a  capped  layer  was  etched  to  remove  the  GaSb 
cap  and  expose  the  AlSb  layer  to  air.  The  sample  became 
conductive  with  extremely  large  sheet  hole  density,  similar  to 
values  obtained  for  the  uncapped  layers. 

A  piece  of  an  uncapped  layer  was  also  etched  to  reduce 
the  thickness  of  the  AlSb  layer  from  1  pm  to  0.5  pm.  The 
AlSb  layer  was  still  conductive,  with  about  the  same  sheet  hole 
density  and  mobility  as  the  original  (thicker)  uncapped  layer. 

AES  measurements  showed  that  oxygen  in  the  air 
penetrated  into  the  uncapped  layers  to  a  depth  of  more  than 
1400  A  (Figure  1).  Near  the  surface,  the  oxygen  concentration 
was  more  than  50  atomic  percent.  However,  for  the  capped 
layers,  oxygen  did  not  penetrate  beyond  the  (50  A)  GaSb  cap 
layer  (Figure  2),  and  the  cap  layer  prevented  the  oxidation  of 
the  underlying  AlSb  layer. 

Two  XPS  spectra  from  the  surface  of  the  same  uncapped 
AlSb  sample  are  shown  in  Figures  3  and  4.  Figure  3  shows  the 
aluminum  2p  peak.  Its  position  at  75.1  eV  is  consistent  with 
the  presence  of  AI2O3.  Figure  4  shows  the  antimony  3d  peaks. 
The  pair  of  peaks  at  531.5  and  540.8  eV  indicate  the  presence 
of  Sb5+  (Sb205).  The  pair  of  peaks  at  529.1  and  538.5  eV  are 
due  to  either  Sb3+  (Sb2C>3)  or  AlSb.  Since  the  A1  region  shows 
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no  contribution  from  an  unoxidized  species,  it  is  concluded  that 
these  pair  of  peaks  are  only  due  to  Sb3+  (Sb2C>3).  The  relative 
intensities  of  the  those  peaks  indicate  that  for  every  Sb^ + 
(Sb203),  there  are  about  two  Sb^+  (Sb205)  on  the  surface. 
Overall,  three  different  oxides  were  observed  on  the  surface  of 
the  uncapped  layers:  A1203,  Sb205,  and  Sb203. 

The  oxidation  process  for  the  uncapped  layers  is  very 
dependent  on  environment  (for  example,  on  room  temperature 
and  humidity).  Therefore,  the  oxidation  process  may  occur  at 
^iff^rent  rates  in  different  laboratories.  After  a  significant 
amount  of  oxidation,  stress  in  the  layer  causes  the  entire  layer 
to  peel  off  from  the  substrate  upon  probing.  For  our  samples, 
the  exposure  of  the  uncapped  layers  to  air  for  more  than  six 
months  after  growth  did  not  make  the  layers  peel  off.  This  is  a 
much  longer  period  than  those  reported  by  other  laboratories.9 
Keeping  the  uncapped  layers  under  nitrogen  flow  makes  them 
stable  for  a  longer  period  of  time. 

IV.  SUMMARY 

In  summary,  large  concentrations  of  oxygen  have  been 
observed  in  the  uncapped  undoped  AlSb  layers,  resulting  in 
extremely  large  sheet  hole  densities  (as  high  as  3  X  10* 5  cm-2 
and  the  corresponding  mobility  of  60  cn^V-ls'1).  However, 
for  the  capped  layers,  oxygen  does  not  penetrate  beyond  the 

50  A  GaSb  cap  layer,  and  the  underlying  AlSb  layer  is  highly 
resistive. 

XPS  has  demonstrated  that  the  entire  surface  of  the 
uncapped  layers  is  oxidized.  Three  different  oxides  have  been 
observed  on  the  surface  of  the  uncapped  layers:  AI2O3  Sb?Os 
and  Sb2C>3. 

It  has  been  found  that  the  oxidation  process  causes 
extremely  large  sheet  hole  densities  in  the  uncapped  AlSb 
layers.  However,  more  work  is  needed  to  understand  the 
mechanism  for  this  phenomenon.  Samples  are  currently  being 
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examined  by  X-ray  and  transmission  electron  microscopy 
(TEM)  techniques. 
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Figure  1.  Auger  sputter  depth  profile  for  an  uncapped  AlSb 
layer  (1  am  thick). 
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Figure  3.  XPS  spectrum  obtained  from  the  surface  of  an 
uncapped  AlSb  layer,  showing  the  range  between  60  and 
90  eV. 
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Figure  4.  XPS  spectrum  obtained  from  the  surface  of  an 
uncapped  AlSb  layer  (the  same  sample  as  that  of  Figure 
3),  showing  the  range  between  516  and  545  eV. 
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ABSTRACT 

A  method  for  the  complete  characterization  of  microwave  transistors  in  terms  of  noise,  gain 
and  scattering  parameters  using  a  computer-controlled  noise  figure  measuring  set-up  only  is  presented.  A  modeling 
procedure  exploiting  both  scattering  and  noise  parameters  has  been  employed  to  extract  the  equivalent  circuit 
which  gives  the  best  fit  of  the  experimental  data. 

Results  are  reported  concerning  the  complete  characterization  and  modeling  of  a  series  of  ten 
pseudomorphic  HEMTs  in  the  8-16  GHz  range. 

1.  INTRODUCTION 

For  the  (computer-aided)  design  of  low-noise  amplifiers  ,  the  designer  needs  the  complete 
characterization  of  the  transistors  in  terms  of  noise,  gain  and  scattering  parameters. 

The  scattering  parameters  (S-parameters,  [S])  are  measured  by  an  Automatic  Network  Analyzer  (ANA)  , 
whereas  the  noise  parameters  (N-parameters,  {N})  and  the  gain  parameters  (G-parameters,  {G})  can  not  be 
measured  directly  by  any  instruments. 

The  N-parameters  describe  the  dependence  of  the  transistor  noise  figure  F  on  the  input  termination 
(source)  reflection  coefficient  Fs  through  the  relationship 

I  rs  -  ron  I2 

(l)  F(rs)  =  Fc  +  4Nn  - - - 

( i  -  I  rs  | 2)  ( i  -  |  ron|  2) 

where  Ton  is  the  optimum  value  of  Ts  corresponding  to  the  optimum  noise  figure  F0,  and  Nn  is  a  terminal 
invariant  parameter  which  represents  how  the  noise  figure  departs  from  the  minimum  when  Ts  differs  from  Ton; 
Nn  is  related  to  the  more  known  noise  resistance  Rn  by  Nn=  Rn  Gon,  where  Gon  represents  Ton  in  terms  of 
conductance  . 

Therefore,  the  determination  of  the  N-parameters  requires  measurements  of  F(rs)  for  some  values  of  Ts 
(more  than  four,  for  accuracy)  and  the  data  processing  of  the  experimental  data  through  (1),  by  means  of  an  error 
minimizing  procedure  (such  as  the  least-squares  method)  . 

The  same  procedure  is  required  to  determine  the  four  G-parameters  by  gain  measurements  by  using  the 
relationship  similar  to  (1) 


i  i  I  rs  -  rog  1 2 

(2)  -  =  -  +  4Ng  - 

Ga(rs)  Gao  ( i  - 1  rs | 2)  ( i  -  |rog|2) 


where  Ga  is  the  available  power  gain,  which  depends  on  Ts  ,  and  Gao  (maximum  available  power  gain),  |  rog  |  , 
/JT0g  and  Ng  are  the  four  G-parameters  of  the  device.  Alternatively,  in  order  to  avoid  gain  measurements,  the  G- 
parameters  can  be  computed  by  [S]. 

The  noise  figure  measurements  are  the  most  difficult  to  be  carry  out.  The  conventional  measuring  set-up 
is  assembled  with  a  50-ohm  noise  source  which  injects  noise  in  the  device  under  test  (DUT)  through  a  tuner,  used 
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as  an  admittance  transformer  network  to  realize  the  values  of  Ts,  a  receiver  and  a  noise  figure  meter.  The  noise 
figure  F(rs)  is  extracted  from  the  noise  figure  Fm  as  indicated  by  the  meter,  according  to  the  following 
relationship 


^r(^out)  *  * 

(3)  Fm  =  aTs  (  F(rs)  +  - ) 

Ga(  Ts) 

where  aTs  represents  the  loss  of  all  the  passive  stages  preceding  the  DUT,  which  depends  on  the  configuration  of 
the  tuner  (i.e.  on  Ts),  and  Fr(rout)  is  the  noise  figure  of  the  "receiver",  i.e.  the  cascade  of  all  the  active  stages 
following  the  DUT,  which  depends  on  the  DUT  output  reflection  coefficient  rout.  For  the  evaluation  of  the  loss 
aps  ,  the  computation  through  the  S-parameters  has  been  suggested. 

Examples  of  graphical  representations  of  the  device  noise  figure  F(TS)  (see  (1))  ,  available  power  gain 
Ga(rs)  (see(2))  and  loss  aps  of  a  slide-screw  tuner  are  shown  in  Fig.  1  on  the  Smith  chart. 

This  conventional  methodology  requires  different  measuring  procedures  to  be  carried-out  in  separate 
times  by  means  of  different  noise  figure,  gain  and  S-parameters  measuring  set-ups  and  manual  action  to 
disassemble  and  re-assemble  the  instruments.  Consequently,  it  suffers  from  low  accuracy,  low  repeatability  and 
large  time  consumption. 

To  fully  evaluate  the  last  problem  it  has  to  be  accounted  for  that  the  determination  of  the  four  noise-  and 
the  four  gain-parameters  of  the  DUT  requires  measurements  of  noise  figure  and  available  gain  for  several 
values  of  Ts  .  Furthermore,  to  correctly  carry-out  the  measurements  it  is  fundamental  to  realize  values  of  Ts  on 
the  Smith  chart  close  to  loci  selected  on  the  basis  of  well  assessed  criteria  [1,2,3].  These  loci  are  usually  different 
even  for  each  device  of  the  same  series  because  they  depend  on  the  optimum  value  Fon.  This  requires  that  F0  is 
approximately  determined  by  acting  on  the  input  tuner  to  obtain  the  minimum  Fmo  of  the  meter  reading  Fjp. 

A  further  consideration  regards  the  direct  determination  of  the  optimum  input  termination  condition  from 
the  noise  point  of  view.  This  procedure  is  often  preferred  by  the  experimenters  for  characterizing  the  devices  in 
place  of  the  time  consuming  procedure  for  determining  all  the  four  {N}.  This  condition  is  searched  by  adjusting 
the  (manual  or  computer-driven)  input  tuner  to  obtain  the  minimum  Fmo  of  the  meter  reading  Fm;  then  F0  is 
computed  through  (3)  and  Totn  is  measured.  This  procedure  corresponds  to  determine  the  minimum  of  the 
composition  of  the  graphical  representations  of  F,  Ga  and  a  of  Fig.l,  which  obviously  does  not  coincide  with  the 
optimum  of  F.  From  this  viewpoint  too,  the  noise  parameters  test-set  commercially  available  are  not  useful. 

All  the  above  disadvantages  are  avoided  by  the  measuring  methodology  here  presented,  which  has  been 
expressly  devised  to  allow  the  complete  characterization  of  microwave  transistors  by  means  of  an  automated 
noise  figure  measuring  set-up.  All  the  elements  of  (3)  (Fm,Ga  and  also  aps  [7])  are  simultaneously  measured  for 
each  values  of  Ts.  Then,  the  DUT  noise  figure  F  is  computed  in  real  time  by  (3),  and  {N}  and  {G}  are  derived 
from  (1)  and  (2).  All  the  scattering  parameters  which  are  needed  for  amplifier  design  are  also  derived  by 
computation  from  the  G-parameters,  i.e.  without  further  experimental  steps.  In  addition,  since  the  OUT  is  thus 
driven  at  noise  level,  possible  non-linear  effects  of  the  transistors  (MESFET,  HEMT)  due  to  insufficiently  low 
signals,  such  as  those  furnished  by  a  network  analyzer,  are  avoided. 

State-of-the-art  modeling  procedures  for  microwave  and  millimeter-wave  low-noise  transistors  are  based 
on  the  extraction  of  a  noiseless  equivalent  circuit  from  measured  scattering  parameters.  The  noise  performance  is 
then  predicted  by  associating  noise  models  whose  fitting  coefficients,  in  the  simplest  case,  can  be  determined  from 
a  few  measurements  of  Fmjn  vs.  frequency.  By  this  approach,  the  solution  is  not  unique  since  different  noise 
models  associated  to  a  small-signal  model  can  reproduce  identical  values  of  the  minimum  noise  figure  Fmm  with 
remarkable  differences  among  the  remaining  parameters. 

In  the  present  work,  a  novel  modeling  procedure  is  presented  which  allows  the  extraction  of  a  consistent 
noisy  model  from  the  simultaneous  fitting  of  the  measured  N-  and  S-parameters  among  which  a  strong  correlation 
exists. 

2.  THE  AUTOMATIC  NOISE,  GAIN  AND  SCATTERING  PARAMETERS  TEST-SET 

In  order  to  present  the  measuring  system,  we  refer  to  the  simplified  scheme  of  Fig.  2  .  The  noise  is 
injected  in  the  system  by  a  variable  admittance  noise  source.  A  step-motor-driven  microprocessor-controlled 
slide-double-screw-tuner  is  employed  as  input  mismatching-network.  The  reflection  coefficient  Teq  of  the  variable 
admittance  noise  source  so  obtained  is  measured  by  the  reflectometer  (an  ANA  used  in  the  reflection  mode  only) 
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connected  by  a  switch.  The  corresponding  value  Ts  of  the  input  termination  of  the  DUT  is  then  derived  by 
computation.  To  this  end,  the  cascade  of  all  the  passive  stages  (bias  tee,  1/2  transistor  test  fixture, connectors,...) 
which  separates  the  transistor  input  from  the  Tgq  measuring  plane  is  previously  characterized  vs.  frequency  in 
terms  of  scattering  parameters. 

The  DUT  output  is  terminated  on  the  50  ohm  input  admittance  of  the  receiver  through  the  output  bias 
tee  and  a  switch;  in  other  words,  it  is  noteworthy  that  an  output  matching  tuner  is  not  used.  In  conventional 
measuring  systems,  this  second  tuner  is  used  to  match  the  DUT  output  impedance  Tout  to  the  receiver  input.  In 
this  way,  the  receiver  noise  figure  Fr  is  constant  against  Ts  variations. 

Unfortunately,  the  use  of  this  output  tuner  causes  two  veiy  serious  drawbacks: 

a)  the  output  matched  condition  causes  very  frequently  the  rise  of  oscillations; 

b)  automating  the  noise  measuring  system  becomes  impossible.  After  adjusting  the  input  tuner,  it  would 
be  necessary  to  adjust  the  output  tuner  as  well  with  the  aid  of  a  "matching  detector”.  Consequently,  the  automatic 
searching  of  the  optimum  input  matching  for  noise  by  adjusting  the  input  noise  would  becomes  unfeasible. 

In  order  to  avoid  these  disadvantages  the  DUT  output  is  connected  directly  to  the  low  impedence  Tr  of  the 
receiver  (50  ohm  nominal);  the  noise  figure  Fr(Tout)  of  the  receiver  is  then  computed  on  the  basis  of  the 
measured  values  of  Ff(0)  and  Tout  [5,6]  . 

A  programmable  step  attenuator  is  inserted  as  first  stage  of  the  receiver.  By  acting  on  the  attenuator  for 
each  Ts,  different  values  of  the  receiver  noise  Figure  Ff  are  realized  and  the  DUT  available  power  gain  is 
computed  [5-8]. 

Once  a  and  (Fr  -  1)/Ga  are  determined,  the  DUT  noise  figure  F  is  derived  by  (3). 

Controlled  by  a  (unpublished)  software,  the  automatic  set-up  initially  performs  the  calibrations  of  the 
instruments  and  some  guiding  measurements.  On  the  basis  of  the  results  so  obtained,  the  software  selects  for  each 
frequency  the  values  of  Ts  and  other  parameters  (e.g.  the  values  of  the  attenuation  to  introduce  to  the  receiver 
input  for  the  determination  of  the  available  gain)  in  order  to  realize  the  best  measuring  conditions  for  accuracy  . 
Furthermore,  it  drives  all  the  measuring  steps  vs.  frequency  and  DUT  bias  condition  fach  Ts,  evaluates  the 
accuracy,  processes  the  data  and  furnishes  the  {F},  {Ga}  and  [S]  parameter  sets  [11-12],  This  is  accomplished 
without  the  action  of  an  (unskilled)  operator. 

3.  MEASUREMENTS 

The  automatic  measuring  set-up  has  been  recently  used  to  characterize  the  performance  of  ten 
pseudomorpfic  HEMTs  (CFB001-3,  by  Celeritek)  over  the  8-16  GHz  range  at  the  bias  conditions  suggested  in  the 
data  sheets  for  the  best  noise  behavior  to  the  aim  of  extracting  an  accurate  noisy  model  which  also  accounts  for 
the  parasitics  due  to  the  transistor  package.  The  measured  N-  and  S-parameters  of  this  transistor  series  are  reported 
in  Fig.  3.  The  method  can  be  also  applied  for  die  automatic  direct  (and  correct)  measurements  of  the 

optimum  noise  parameters  F0  and  Ton  by  adjusting  the  tuner,  because  the  system  furnishes  directly  the  minimum 
noise  figure  FQ  computed  from  (3)  while  measuring  a,  Fr  and  Ga. 

In  conclusion  the  measuring  system  here  described  can  be  seen  as  an  instrument  (at  present  not 
commercially  available)  for  the  direct  measurement  of  the  DUT  noise  figure  by  removing  on-line  from  the  meter 
reading  the  noise  effects  of  all  the  other  stages  of  the  set-up  . 

4,  MODELING 

We  considered  the  measured  spreading  of  the  parameter  values  as  the  modeling  optimization  goals  for  the 
device  series.  To  include  noise  in  the  modeling  procedure,  we  have  adopted  the  representation  based  on  effective 
temperatures  of  the  chip  resistive  elements  Rcjj  and  Rjs  since  the  above  coefficients  are  not  influenced  by  the 
impedance-transforming  properties  of  the  device  package  [9],  In  order  to  determine  the  global  model  topology 
which  also  accounts  for  the  package  effects,  we  start  from  the  well-assessed  chip  equivalent  circuit  and  sequentially 
add  elements  to  the  input  section  accoding  to  previous  analysis  results  which  have  shown  a  definite  correlation 
between  the  trends  of  S|  j,Ton  ,  Rn  and  different  circuit  configurations.  Subsequently,  we  complete  the  feedback 
paths  by  introducing  (if  required  for  the  good  match  of  Sj2  and  S21 )  additional  coupling  capacitors  between  the 
gate  and  drain  nodes,  and  refine  the  output  section  for  matching  S22  and,  partially,  S21  • 

Once  this  basic  topology  has  been  obtained,  we  perform  an  analysis  of  the  interdependence  between  the 
calculated  model  parameters  and  the  (model)  element  values. 

The  results  are  reported  in  form  of  a  matrix  which,  after  proper  manipulation, allows  the  decomposition  of 
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the  overall  optimization  problem  into  separate  suboptimization  cycles. 

By  this  procedure  we  obtain  a  fine  tuning  of  the  element  values  since  each  of  them  is  optimized  in  order 
to  minimize  the  error  function  relevant  to  a  scattering  or  noise  parameter  which  is  strongly  affected  by  that  element 
(or,  more  frequently, a  group  there  of)  [10,11]. 

For  the  above  HEMT  series,  the  model  performance  (bold  line)  is  compared  with  the  measured 
parameters  in  Fig. 3.  The  corresponding  noisy  model  is  reported  in  Fig. 4  and  the  relevant  element  values  are  listed 
in  Tab.  1. 

It  has  to  be  noted  that  the  circuit  model  represents  the  performance  of  packaged  device  as  a  whole,  thus 
taking  into  account  the  package  parasitic  effects  and  the  chip-to-packge  interactions. 

Therefore  the  model  is  not  predictive  from  the  device  manufacturing-process  viewpoint,  but  it  has  all  the 
qualifications  required  for  CAD  applications. 
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Fig.  1  -  Example  of  graphical  representation  of  F(I\.),  Ga(rs)  and  «ps  on  the  Smith  chart. 
The  graphical  representation  of  (1)  is  the  composition  of  them.  From  this  it  is  apparent  that  the 
optimum  value  rmo  of  the  DUT  input  admittance  corresponding  to  the  minimum  Fm  0  of  the 
noise  figure  given  by  (3) ,  which  can  be  found  by  adjusting  the  tuner,  may  differ  considerably  from 
the  optimum  T0  corresponding  to  DUT  FQ. 


Fig.  2  -  Simplified  scheme  of  the  automatic  noise  figure  test-set. 
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ABSTRACT 

A  neural  network  approach  is  developed  to  qualitatively  model  the  relationship 
between  fabrication  process  parameters  and  the  characteristics  of  a  heterojunction  bipolar 
transistor  (HBT).  An  equivalent  circuit  model  is  used  as  an  intermediate  representation 
format  for  this  objective.  The  goal  of  this  research  project  is  to  develop  a  method  that  can 
predict  and  explain  changes  in  the  behavior  of  a  device  without  the  need  for  precise 
problem  formulations  and  computationally  intensive  methods.  The  primary  use  of  such  a 
neural  network  model  is  in  a  reverse  modeling  process  which  performs  device 
optimization. 

I.  INTRODUCTION 

This  paper  describes  a  research  project  that  investigates  the  development  of  a  parallel 
distributed  analog  computing  network  (i.e.,  a  neural  network)  to  qualitatively  model  the 
relationship  between  fabrication  process  parameters  and  device  characteristics.  The 
objective  is  to  provide  a  model  for  a  reverse  modeling  process  which  performs  device 
optimization.  The  initial  result  of  applying  this  qualitative  model  to  the  modeling  of  an 
heterojunction  bipolar  transistor  (HBT)  is  presented.  Although  HBTs  are  targeted  in  this 
project,  the  method  described  here  is  general  and  can  be  readily  adapted  for  other  devices. 

Since  Kroemer  [1]  predicted  the  great  potential  of  HBTs  for  high  frequency/speed 
circuits,  there  has  been  a  considerable  research  effort  directed  toward  understanding  the 
physics  of  the  device  and  studying  its  applications.  The  characteristics  of  HBTs  can  be 
evaluated  by  scattering  parameter  (S-parameter)  measurements.  But,  such  data  generally 
do  not  explain  the  causes  of  the  observed  characteristics.  Furthermore,  the  relationship 
between  the  fabrication  process  and  the  device  characteristics  is  generally  very 
complicated. 

Equivalent  circuit  models  serve  as  an  excellent  intermediate  representation  format  for 
device  optimization.  Ladbrooke  has  advocated  the  idea  of  reverse  modeling  in  discussing 
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the  relationship  between  device  structure/material  parameters  and  its  equivalent  circuit 
model  [2], 

Reverse  modeling  is  similar  to  a  standard  modeling  procedure  except  that  the  goal  in 
this  case  is  to  minimize  the  difference  between  the  modeled  and  desired  performance,  and 
hence  the  name  reverse  modeling.  The  primary  difficulty  in  reverse  modeling  lies  in  the 
fact  that  the  optimized  model  has  to  be  physically  consistent  so  that  the  desired  processing 
parameters  can  be  developed.  A  change  in  any  single  processing  variable  typically  results 
in  correlated  changes  in  many,  if  not  all,  equivalent  circuit  elements. 

For  example,  if  the  given  goal  is  the  improvement  of  the  power  gain  at  a  certain 
operating  frequency,  the  reverse  modeling  process  must  be  able  to  determine  the  required 
changes  to  the  model.  The  constraints  resulting  from  both  the  equivalent  circuit  model 
(e.g.,  KVL,  KCL)  and  the  fabrication  process  (e.g.,  doping  concentration)  have  to  be 
satisfied  in  this  search  operation.  The  fact  that  all  these  constraints  have  to  be 
incorporated  makes  the  development  of  a  computer-aided  design  tool  very  complicated 
and  the  product  difficult  to  use. 

On  the  other  hand,  the  manufacturing  process  for  a  semiconductor  device  as 
complicated  as  the  HBT  often  involves  considerable  experimental  data.  Engineers  often 
make  decisions  based  on  their  intuitive  knowledge  of  the  device  structure  and  fabrication 
process.  A  rule-based  system  can  be  used  to  describe  the  condition-action  relationship 
between  parameters.  The  problem  can  then  be  solved  by  inference  and  induction. 
However,  a  typical  production  system  has  the  inherent  limitations  of  sequentiality, 
directionality,  exact  matching,  and  determinism. 

We  have  investigated  the  use  of  a  parallel  distributed  analog  computing  network, 
commonly  called  a  neural  network,  to  model  the  relationship  between  processing 
parameters,  equivalent  circuit  elements,  and  characteristics  of  HBTs.  The  advantages  of 
this  approach  include  not  only  the  fact  that  multiple  constraints  can  be  easily  and  globally 
enforced,  but  also  that  many  competing  hypotheses  can  be  simultaneously  explored.  In 
addition,  the  model  can  be  developed  without  the  need  for  precise  problem  formulation 
and  computationally  intensive  methods. 

II.  QUALITATIVE  MODELING 

We  have  observed  that  the  above-mentioned  problems  and  constraints  can  be 
addressed  by  a  qualitative  model  implemented  with  a  parallel  distributed  analog  computing 
network.  Parallel  distributed  analog  computing  networks  are  commonly  referred  to  as 
artificial  neural  networks  in  the  literature  [3],  Although  artificial  neural  networks  are 
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famous  for  their  capability  of  learning  the  solutions  to  the  problems  that  they  are  designed 
to  solve,  they  also  provide  a  framework  for  constructing  special  parallel  machines  to  solve 
specific  problems  [4], 

In  contrast  to  conventional  parallel  processors,  the  function  of  each  neuron  is 
extremely  simple,  and  the  overall  behavior  of  a  neural  network  is  determined 
predominately  by  a  set  of  interconnections.  Conceptually,  neural  networks  are  formed  by 
interconnecting  many  simple  processors  (i.e. ,  neurons)  each  connected  to  many  others. 
Every  connection  entering  a  processor  has  an  adaptive  coefficient  called  a  weight  assigned 
to  it.  This  weight  is  used  to  amplify,  attenuate,  and  change  the  sign  of  the  signal  in  the 
incoming  connection.  The  processors  used  in  a  neural  network  are  nonlinear  and  are 
typically  analog.  An  input  vector  is  entered  into  the  network.  Each  processor  operates  on 
the  outputs  of  other  processors  according  to  its  transfer  function  and  delivers  a  single 
output  to  other  processors.  Often,  the  transfer  function  sums  the  incoming  signals  to 
determine  the  value  of  the  next  output  value.  The  result  is  an  output  vector  representing 
some  characteristics  associated  with  the  input.  The  major  attraction  of  these  neural 
networks  is  their  high  level  of  parallelism.  Another  commonly  claimed  feature  of  artificial 
neural  networks  is  that  they  are  inherently  fault  tolerant. 

The  qualitative  modeling  approach  developed  here  is  based  on  the  paradigm  of 
Hopfield  type  neural  networks  [5],  Consider  a  Hopfield  type  neural  network  of  N  nodes. 
If  the  activation  of  a  node  is  updated  according  to  the  equation: 

r,(f+i>=^(Z^,(')+u  0) 

where  Vi  (t)  e  {0,1}  is  the  state  of  node  i  at  moment  t,  Ty  is  the  weight  associated  with  the 
link  between  nodes  i  and  j,  /,  is  the  internal  threshold  parameter  of  node  and 

f  1  x  >  0 

«"W  =  |o  x  <  O’  (2) 

it  can  be  shown  that  an  energy  function  defined  as 

Energy  =  Z TvVtVi  “Z7^*  +K’  (3) 

^  i= 1  j= 1  i=l 

where  K  is  a  constant,  is  minimized. 

The  significance  of  a  Hopfield  type  network  is  in  its  capability  of  performing 
associative  inference.  There  is  no  specific  distinction  between  input  and  output  vectors 
and  a  network  perturbed  by  changing  one  or  more  neuron  state  will  evolve  into  one  of  its 
consistent  states  which  are  the  minima  of  its  energy  equation  (3). 
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This  Hopfield  type  neural  network  is  applied  to  implement  a  qualitative  model.  The 
behavioral  relationship  between  three  variables  ( X '  Y,  Z)  in  an  arithmetic  equation 

X  =  Y  •  Z  (operator  •  e  (+,  x,  -f-})  (4) 

is  mapped  into  a  neural  network  building  block  as  follows.  An  arithmetic  equation  X  =  Y 
+  Z  can  be  qualitatively  represented  by  the  consistent  states  listed  in  Table  1.  Each  row  of 
Table  1  describes  the  change  of  a  variable  caused  by  varying  the  other  two  variables.  For 
example,  the  first  row  of  the  table  indicates  that  if  two  of  the  variables  are  remaining 
unaltered,  then  the  third  one  is  also  unchanged.  This  table  is  mapped  into  a  Hopfield  type 
neural  network  with  6  nodes.  The  mapping  involves  the  determination  of  all  the  link- 
weights  (Tjjs)  and  thresholds  (7/s)  and  is  done  by  formulating  a  linear  programming 
problem  with  the  64  constraints  in  the  forms  of  equalities  and  inequalities  according  to  the 
energy  equation  (3).  There  are  13  consistent  states  and  51  inconsistent  states.  All 
consistent  states  have  an  energy  of  0  while  all  inconsistent  states  have  energies  larger  than 
zero.  The  simplex  method  [6]  is  used  to  solve  for  the  unknown  TJ s  and  7/s.  The 
resulting  network  is  shown  in  Figure  1 . 

Table  1  The  neural  network  states  consistent  with  the  arithmetic  equation  X  =  Y  +  Z 
(I:  increasing,  D:  decreasing,  and  S:  staying  the  same). 


X(VjV2) 

Y(V3V4) 

00  (S) 

00  (S) 

00  (S) 

00  (S) 

10(1) 

01(D) 

00  (S) 

01(D) 

10(1) 

10(1) 

10(1) 

00  (S) 

10(1) 

10(1) 

01(D) 

10(1) 

10(1) 

10(1) 

10(1) 

00  (S) 

10(0 

10(1) 

01(D) 

10(1) 

01(D) 

01(D) 

00  (S) 

01(D) 

01(D) 

10(1) 

01(D) 

00  (S) 

01(D) 

01(D) 

10(1) 

01(D) 

01  (D) 

01(D) 

01(D) 

The  neural  network  shown  in  Figure  1,  which  will  be  referred  to  as  a  fundamental 
neural  network,  is  very  powerful  since  it  can  be  used  to  model  any  basic  arithmetic 
relations.  It  can  be  easily  shown  that  the  same  network  can  also  be  used  to  qualitatively 
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model  arithmetic  operations  X  =  Yx  Z,  Y  =  X  -  Z,  Y  -  X  +  Z.  If  we  set  X  -  voltage,  Y  - 
current,  and  Z  =  resistance,  this  neural  network  becomes  a  qualitative  model  of  Ohm's 
law. 

The  modeling  approach  described  above  can  be  iteratively  and  hierarchically  applied  to 
build  a  system  model.  This  process  is  explained  here  through  the  development  of  a  model 
to  represent  the  relationship  between  two  serially  connected  resistors.  Referring  to  Figure 
2,  there  are  five  arithmetic  constraints  in  this  model  ( Ej  =  I  *  Rj,  E2  =  I  *  R2,  E  =  Ej  + 
E2,  R  =  R]  +  R2,  and  E  =  I  *R)  and  thus  5  fundamental  neural  networks  are  required. 


Figure  1  The  qualitative  model  of  X  =  Y  +  Z. 


Common  feature  nodes  in  individual  fundamental  neural  networks  are  merged  to  yield 
the  model  shown  in  Figure  3  (some  links  were  left  out  for  clarity)  as  follows.  Nodes  with 
identical  labels  are  replaced  by  a  single  node  with  a  threshold  (I)  equal  to  the  sum  of  the 
original  node  thresholds.  Similarly,  identical  links  are  merged  into  a  single  link  with  link- 
weight  (7)  equal  to  the  sum  of  the  original  link- weights.  In  Figure  3,  the  pair  of  nodes 
representing  a  feature  is  grouped  and  labeled  accordingly.  In  addition,  nodes  were 
grouped  into  overlapping  fundamental  networks  to  show  the  5  modeled  constraints. 

Rl  j  r2 

AAAtAAAt 

+Ej-  +e2- 

Figure  2  Two  serially  connected  resistors  for  the  illustration  of  model  building. 
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The  obvious  use  of  this  model  is  to  answer  questions  such  as:  what  is  the  qualitative 
effect  of  changing  one  element  on  other  circuit  values?  However,  our  goal  is  to  use  the 
qualitative  model  of  an  HBT  to  guide  the  reverse  modeling  process  since  a  solution  found 
by  this  model  must  satisfy  all  the  imposed  constraints.  A  global  view  is  thus  always 
maintained.  The  setup  for  fulfilling  this  objective  is  shown  below  in  Figure  4. 

According  to  Figure  4,  an  automatic  mapping  process  has  been  implemented  to  map 
an  equivalent  circuit  into  a  corresponding  neural  network.  When  used  in  a  modeling 
process,  the  difference  between  the  modeled  and  desired  characteristics  is  translated  into 
the  demanded  qualitative  changes  of  certain  values  (e.g.,  voltage  or  current)  in  the 
equivalent  circuit.  These  qualitative  changes  are  then  treated  as  the  input  vector  of  the 
neural  network  model  to  determine  the  associative  changes  to  other  variables  so  that  a 
consistent  state  is  maintained. 

The  neural  network  qualitative  model  of  the  HBT  is  implemented  in  a  modeling 
process  which  extracts  equivalent  circuit  parameters  from  S-parameter  measurements  to 
evaluate  the  effectiveness  of  this  approach.  The  detailed  information  about  this  collector- 
up  HBT  being  modeled  is  reported  in  [6],  The  modeling  process  implements  the 
simulated  annealing  (SA)  technique  described  in  [7]  to  avoid  the  problem  of  local  minima. 
The  role  of  the  neural  network  HBT  model  is  to  qualitatively  guide  the  changes  of 
equivalent  circuit  parameters  to  minimize  the  difference  between  the  measured  and 
simulated  S-parameters. 

The  same  SA  modeling  process,  implemented  to  generate  intermediate  solutions  by  a 
random  search,  is  applied  independently  to  the  same  HBT  for  the  purpose  of  comparison. 
The  chart  in  Figure  5  shows  the  convergence  rates  of  both  processes.  The  modeling 
process  that  is  guided  by  a  neural  network  qualitative  model  converges  to  its  final  solution 
in  less  than  half  of  the  number  of  iterations  required  by  the  method  using  a  random  search. 
An  advantage  of  the  neural  network  guided  approach  not  shown  in  Figure  5  is  that  only  a 
single  solution  is  generated  and  evaluated  at  each  iteration.  Comparing  with  the  random 
search  approach  that  processes  a  large  number  of  solutions  at  each  iteration  to  satisfy  the 
slow  cooling  procedure  of  an  SA  optimization,  the  saving  in  the  modeling  effort  is 
significant. 

III.  SUMMARY 

In  summary,  a  novel  approach  that  uses  a  neural  network  to  qualitatively  model  an 
HBT  is  developed.  The  initial  result  of  applying  this  neural  network  HBT  model  to  guide 
the  fitting  of  an  equivalent  circuit  model  to  measured  S-parameters  is  presented. 
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Encouraging  results  in  the  convergence  rate  of  the  modeling  process  have  been  observed. 
The  ultimate  potential  of  this  qualitative  modeling  technique  is  to  enforce  physical 
constraints  and  encode  experimental  and  intuitive  knowledge  in  the  modeling  and 
optimization  (reverse  modeling)  of  semiconductor  devices. 


Figure  3  The  qualitative  model  of  two  serially  connected  resistors 
(with  some  links  left  out). 
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Figure  4  A  setup  for  applying  the  neural  network  model  of  an  HBT  to  reverse  modeling. 
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Figure  5  The  convergence  rates  of  the  neural  network  (NN)  guided  and  random  search 

simulated  annealing  modeling  process. 
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Abstract 

Si  delta-doped  FETs  have  been  fabricated  using  low-energy  Sb  ion  doping  technique  during  Si 
MBE  growth  to  realize  delta-doping  and  a  low  temperature  device  processing  budget.  The  FETs 
with  a  gate  length  of  2  pm  showed  a  gate  breakdown  voltage  of  3. 8-4.7  V  and  a  maximum 
extrinsic  transconductance  of  28  mS/mm,  corresponding  to  an  intrinsic  transconductance  of  42 
mS/mm.  Those  results  are  the  best  reported  so  far  in  Si  8-FETs  of  similar  gate  length.  The  gate 
charge-control  and  low-field  drift-mobility  in  Si  8-FETs  were  measured  using  C-V  and  I-V 
techniques.  Measured  charge-control  had  a  strong  nonlinearity  and  was  in  good  agreement  with 
theoretical  calculation.  We  observed,  for  the  first  time,  that  the  drift-mobility  in  the  delta-doped 
FET  was  decreased  with  the  increasing  gate  voltage. 


I.  Introduction 

Recently,  the  delta  (8)  doping  (or  planar  doping)  technique  has  been  developed  for  both  GaAs 
and  Si.  This  doping  technique  can  provide  high-density  quasi-two-dimensional  electron  or  hole 
gas  in  a  V-shaped  quantum  well  created  by  high  density  dopants  in  highly  localized  doping 
sheet.  The  delta-doping  technique  is  being  used  in  different  field-effect  transistor  (FET) 
structures,  e.g.,  MESFET  [1-5]  and  MOST  [5,6]  to  improve  the  performance  of  the  device.  A 
delta-doping  layer  is  used  as  an  electron  or  hole  conduction  channel  in  the  delta  doped  MESFET 
(8- FET).  Compared  with  conventional  MESFET  and  single  channel  MODFET,  the  8-FET  has  a 
large  gate  breakdown  voltage,  high  drain  current  capability,  high  transconductance  and  easy 
control  of  the  threshold  voltage.  Most  of  the  works  on  the  8-FET  published  so  far  were 
performed  in  GaAs  [1-3].  Using  solid  phase  epitaxy  (SPE)  method  to  prevent  segregation  of 
dopants  in  MBE  growth  and  then  to  realize  8-doping  in  Si,  a  few  results  have  been  reported  on 
Si  8-FETs  [4,5],  In  this  paper,  we  present  the  experimental  results  on  growth,  fabrication, 
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performance  and  characterization  of  Si  delta-doped  FETs  grown  by  Si  MBE  and  low-energy  Sb 
ion  doping  technique  [7], 

II.  Growth  and  fabrication 

Epitaxial  growth  of  Si  films  was  performed  in  a  VG-80  Si  MBE  system.  N-type  delta-doping 
was  carried  out  using  an  electron-impact,  single  grid,  low-energy  ion  source  providing  an 
accelerated  Sb  ion  beam.  This  doping  technique  overcomes  well  the  severe  problems  of  thermal 
coevaporation  doping,  induced  by  surface  segregation  of  dopants  in  Si  MBE.  The  test  delta¬ 
doping  samples  were  analyzed  by  capacitance-voltage  (C-V)  profiling,  high  resolution  cross- 
sectional  transmission  electron  microscopy  (XTEM)  and  secondary-ion  spectrometry  (SIMS). 
XTEM  lattice  images  and  C-V  measurements  showed  that  the  full  width  at  half  maximum 
(FWHM)  concentration  of  delta-doping  profiles  was  <  2  nm  and  3  nm  in  test  samples  of  a  wide 
range  sheet  doping  density  in  delta-doping  layer  [7].  The  8-FET  layer  structures  were  grown  on 
p-type  (100)  Si  substrate  of  doping  concentration  about  1015-1016  cnr3.  After  growth  of  a  300- 
nm-thick  undoped  Si  (of  residual  n-type  doping  density  about  low-1015  cnr3)  buffer  layer  at  a 
substrate  temperature  Ts=750  °C,  the  Si  deposition  was  interrupted.  The  sample  surface  was 
exposed,  at  Ts=620  °C,  to  the  low-energy  Sb-ion  source  of  a  given  flux  for  the  time  duration 
which  was  chosen  such  that  the  desired  sheet  doping  density  of  8xl012  cm'2  was  obtained.  An 
Sb-ion  acceleration  potential  of  250  V  was  used  during  the  exposure.  An  undoped  Si  cap  layer, 
30  nm  thick,  was  then  grown  at  the  same  temperature. 

The  thermal  budget  allowance  should  not  exceed  that  used  in  material  growth,  to  ensure  that 
the  characteristics  of  delta-doping  layer  are  retained.  A  low  temperature  processing  budget, 
without  using  ion  implantation  for  source  and  drain  contacts  and  then  the  high  temperature  post¬ 
implantation  annealing,  was  used  in  fabrication  of  the  Si  5-FETs.  All  processing  steps  were 
below  450  °C  for  which  Sb  out-diffusion  was  negligible.  Following  the  mesa  etching  of  400- 
nm-depth  which  was  down  to  the  p-type  substrate,  a  400-nm-thick  SiC>2  film  (thick  oxide), 
serving  as  device  isolation  and  passivation,  was  deposited  by  low-pressure  chemical  vapour 
deposition  (LPCVD)  in  the  mixture  of  SiH4  and  O2  at  400  °C.  After  etching  completely  the 
oxide  on  the  top  of  the  then  formed  island,  a  100-nm-thick  oxide  (thin  oxide)  was  deposited. 
The  source  and  drain  contact  windows  were  opened.  A  1000-nm-thick  A1  film  for  source  and 
drain  contacts  was  deposited,  defined  and  alloyed  at  450  °C  in  N2  for  10  min.  At  this  stage  the 
non-selfaligned  source  and  drain  ohmic  contacts  to  the  delta-doped  channel  were  formed  by 
exposing  two  opposing  edges  of  the  mesa  to  A1  film  while  the  other  two  edges  were  kept 
covered  with  oxide.  No  high  temperature  post-implantation  annealing  were  used.  The  Schottky 
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gates  were  formed  by  the  deposition  of  a  100-nm-thick  Pt  film  through  the  gate  window  on  thin 
oxide  and  then  by  the  gate  definition.  Fig.l  shows  a  schematic  diagram  of  the  Si  8-FET. 

III.  Performance  of  the  device 

Fig.  2(a)  shows  a  typical  I-V  output  characteristic  of  2  |imx500  |im  gate  devices.  The  device 
reaches  a  near  pinch-off  at  the  gate  voltage  of  -2.5  V.  However,  as  reported  previously  [1,5], 
the  pinch-off  is  somewhat  not  completed  at  high  drain  voltage,  due  to  the  punchthrough.  The 
breakdown  characteristic  of  Schottky  gate  is  shown  in  Fig.  2(b).  The  turn-on  voltages  of  the 
gate  diodes  are  typically  0.8  V,  in  accordance  with  the  Schottky  barrier  height  of  Pt  on  Si.  The 
breakdown  voltages  of  the  gate  diodes  (defined  at  a  gate  current  of  0.3  mA/mm)  measured  on 
various  FETs  across  the  wafer  are  between  3.8  V  and  4.7  V. 

A  maximum  transconductance  of  28  mS/mm  was  obtained  at  Vgs=0.0  V  and  Vds=3.0  V  , 
which  is  better  than  the  best  result  of  20  mS/mm  reported  so  far  for  the  Si  8-FETs  of  the  same 
gate  length  [5].  This  is  attributed  to  the  higher  sheet  doping  density  in  delta-doping  layer  used 
in  our  structure  than  that  in  [5].  The  peak  intrinsic  transconductance  at  Vds=3.0  V  is  evaluated 
to  be  as  high  as  42  mS/mm,  using  an  intrinsic  transconductance  extraction  method  [8].  The 
source  and  drain  series  resistances  have  not  been  optimized  carefully  in  the  non-selfaligned 
device  structure  and  low  temperature  processing  budget. 

Fig.  3  shows  the  measured  extrinsic  transconductance  as  a  function  of  the  gate  voltage  for  a 
drain  voltage  of  3.0  V.  The  transconductance  shows  a  broad  plateau  around  its  peak  of 
FWHM>1.8  V,  which  is  typical  of  delta-doped  FETs,  in  contrast  to  MODFETs  which  show  a 
sharp  peak  of  FWHM<0.5-0.7  V  in  the  transconductance  vs  the  gate  voltage  because  of  the 
onset  at  high  gate  biases  of  parallel  conduction  in  high-bandgap  barrier  layers  of  low  mobility. 
The  presence  of  a  broad  plateau  in  transconductance  in  the  8-FET  is  due  to  that  the  carriers  are 
confined  in  a  V-shaped  potential  well  while  high  forward  gate  bias  can  be  applied  since  the  gate 
is  on  the  undoped  layer  above  the  delta-doping  sheet. 

IV.  Charge-control  and  low-field  mobility  in  Si  8-FETs 

In  studying  operation  of  a  FET,  there  are  two  important  physical  parameters  which  have  to 
be  taken  into  account  carefully  [9]:  the  charge-control  process  of  the  gate,  i.e.,  how  the  carrier 
density  in  the  channel  ns  changes  with  the  gate  voltage  Vgs;  and  the  low -field  drift-mobility  of 
the  channel  carriers  and  its  possible  dependence  on  the  gate  voltage.  No  effort  so  far  has  been 
devoted  to  investigate  the  charge-control  in  the  8-FET.  As  for  mobility,  all  published  results 
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were  for  Hall  mobility  in  delta-doped  bulk  structures  without  the  gate  and  no  gate  voltage 
modulation  effect  on  mobility  which  exists  possibly  in  the  5-FET  could  be  measured.  The  gate 
charge  control  and  the  low-field  drift-mobility  in  Si  5-FETs  is  study  experimentally  by  using  C- 
V  and  I-V  techniques  to  the  "fat"  devices  of  a  10  fim-long  and  at  least  500  ^im-wide  gate. 


The  gate-to-channel  capacitance  Cgc  vs  the  gate  voltage  Vgs  were  measured  by  tiring  source 
with  the  drain.  Shown  in  Fig. 4  is  an  example  of  the  Cgc~Vgs  characteristics  of  Si  S-FETs 
measured  at  300  K.  The  gate-to-channel  capacitance  in  Si  5-FETs  increases  with  the  increasing 
gate  voltage  and  has  no  saturation  trend  over  the  gate  voltage  range  used.  This  is  quite  different 
from  the  Cgc-Vgs  characteristics  of  MODFETs  [10]  and  MOSFETs  [11]  in  which  an  almost 
constant  Cgc,  corresponding  to  a  near-linear  charge-control,  could  be  measured  in  the  strong 
inversion  regime.  The  gate  charge-control  can  be  obtained  experimentally  by  [12] 

qns(Vgs)=J«gs  Cgc(V)  dV  .  (1) 

Fig. 5  gives  ns  vs  Vgs  for  the  device  used  in  Fig.4.  There  is  clearly  a  strong  nonlinearity  in 
measured  charge-control  process.  The  solid  line  in  Fig.5  is  the  fitting  of  a  quadratic  model  we 
suggested  previously  [13,14] 

ns(V gs)= A[(V gs- V th)+B  (V gs- V th)2]  ,  for  Vgs>Vth  (2) 

to  measured  data.  Here  A,  B  and  Vth  are  constants  and  Vth  is  so-called  threshold  voltage.  It  is 
obtained  from  data  fitting  that  in  our  Si  5-FETs  A~6.21xl0n  cm"2V"1,  B=0.59  V'1  and  Vth~ 
-2.45  V.  (2)  fits  well  experimental  result.  This  verifies  our  previous  suggestion.  A  comparison 
of  the  charge-control  between  experiment  and  a  calculation  based  on  an  exact  model  in  [13]  was 
made  and  shown  in  Fig.6.  The  agreement  between  them  is  quite  well  when  Vgs  is  far  above 
Vth.  The  agreement  becomes  poor  as  Vgs  is  close  to  or  below  Vth  because  the  distributive 
nature  of  the  large  channel  resistance  deforms  strongly  measured  Cgc-Vgs  characteristics. 


After  ns  vs  Vgs  of  a  FET  was  experimentally  determined,  the  drain  currents  Ids  or  the  drain 
output  conductances  gd=^Ids/dVds  were  measured  in  the  small  drain  bias  region  (typically  less 
than  40-50  mV).  The  low-field  drift-mobility  pa  at  a  specific  Vgs  can  be  found  from  [12] 


,,  L  Ids  L  gd 

^a~  W  qnsVds  ”  W  qns  ’ 


(3) 


where  L  is  the  gate  length  and  W  is  the  gate  width.  We  used  gd  in  extracting  |la  to  minimize 
measurement  error,  gd  at  a  given  Vgs  was  obtained  by  linearly  fitting  Ids  vs  ^ds  measured  for 
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Vds^  40  mV.  Fig.7  shows  a  typical  result  of  the  measured  Fa  vs  Vgs  in  Si  5-FETs.  There  is 
clearly  a  gate  voltage  dependence.  For  Vgs>-2.0  V  (a  value  close  to  Vth),  Fa  decreases  as  Vgs 
increases.  In  contrast,  Fa  decreases  drastically  with  the  decreasing  Vgs  for  Vgs<-2.0  V. 
However,  we  should  pointed  out  that  the  later  trend  may  be  only  an  artifact.  There  is  an  error, 
as  discussed  above,  in  measuring  ns  from  measured  Cgc-Vgs  characteristics  as  Vgs  is  close  to  or 
below  Vth-  In  this  gate  voltage  region  the  overestimated  carrier  density  ns,  as  seen  from  the 
comparison  with  the  theoretical  curve  in  Fig.6,  would  result  in  an  underrated  drift-mobility  Fa¬ 


in  fact  the  drift-mobility  shown  in  Fig.7  is  an  average  value 


Fa= 


X  M-i.k  ni,k 
i,k _ 


(4) 


where  ns=  £  ni,k>  i  is  the  index  of  subbands,  k=l,  2  is  the  index  of  the  set  of  subbands 
i,k 

corresponding  to  two  different  electron  effective  masses  along  the  [100]  direction  [13],  nj  k  and 
Fi,k  are  the  sheet  density  and  mobility  of  electrons  occupying  in  the  subband  of  indices  i  and  k, 
respectively.  Therefore  the  gate  voltage  dependence  of  mobility  in  Fig.7  reflects  the  shifts  of 
both  the  subband  occupancy  and  subband  mobility  [15].  Using  the  concept  of  the  average 
mobility,  all  the  channel  carriers  available  for  conduction  are  like  having  an  unified  mobility.  It 
is,  therefore,  very  convenient  to  use  the  average  mobility  in  device  and  circuits  CAD.  We 
propose  the  following  simple  linear  form 


Fa-  Fd  [  l-0(VgS  -  V^)]  for  Vgs>Vth,  (5) 

to  fit  measured  mobility  data  in  Si  5-FETs.  Here  fo  and  0  (>0)  are  two  constants.  (5)  fits  well 
experimental  data,  as  shown  by  the  solid  line  in  Fig.7.  fo=172  cm 2/Vs  and  0=0.15  V-*  were 
obtained  from  the  curve  fitting. 


V.  Summary 

Si  delta-doped  FETs  have  been  fabricated  using  low-energy  Sb  ion  doping  technique  to 
realize  delta-doping  profile  during  Si  MBE  growth  and  a  low  temperature  budget  in  device 
processing.  The  FETs  with  a  gate  length  of  2  Fm  showed  a  gate  breakdown  voltage  of  3. 8-4.7 
V  and  a  maximum  extrinsic  transconductance  of  28  mS/mm,  corresponding  to  an  intrinsic  value 
of  42  mS/mm.  Those  are  the  best  reported  so  far  in  Si  5-FETs  of  similar  gate  length.  The  gate 
charge-control  and  low-field  drift-mobility  in  Si  5-FETs  were  measured  using  C-V  and  I-V 
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techniques.  Measured  charge-control  showed  a  strong  nonlinearity  and  was  in  good  agreement 
with  theoretical  result  based  on  an  "exact"  quantum-mechanical  model.  We  observed,  for  the 
first  time,  that  the  drift-mobility  in  the  5-FET  was  decreased  with  the  increasing  gate  voltage. 
Both  the  nonlinearity  in  the  charge-control  and  the  gate  voltage  dependence  of  the  drift-mobility 
would  have  large  influences  on  dc  and  high-frequency  performance  of  the  device. 
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GATE  VOLTAGE  (V) 


Fig.l  A  schematic  structure  diagram  of  Fig. 3  Measured  extrinsic  transconduc- 
Si  8-FETs.  tance  vs  gate  voltage  for  a  drain  voltage 

of  3.0  V. 


DRAIN  VOLTAGE  (V)  GATE  VOLTAGE  (V) 


Fig.2  Typical  drain  output  (a)  and  gate-source  (b)  current-voltage  characteristics  of 
2  pm  x  500  (im  Si  delta-doped  FETs  measured  at  300  K. 
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Gate  Voltage  (V) 


Fig.4  The  gate-to-channel  capacitance  vs 
the  gate  voltage  of  Si  8-FETs  measured  at 
300  K. 


Gate  Voltage  (V) 

Fig. 5  Electron  sheet  density  vs  the  gate 
voltage  obtained  from  the  measurement  in 
Fig. 2.  Solid  line  is  the  quadratic  fitting  to 
measured  data  using  equation  (2). 


Gate  Voltage  (V) 

Fig.6  Comparison  of  measured  (marks) 
and  calculated  (solid  line)  electron  sheet 
densities  vs  the  gate  voltage. 


Fig. 7  The  average  low-field  electron 
drift-mobility  vs  the  gate  voltage.  Solid 
line  represents  the  linear  fitting  by 

Pa=|io[l-0(Vgs-Vth)],  for  Vgs>Vth. 
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Abstract 

We  have  calculated  the  response  of  a  sub-micron  GaAs  optical  switch 
to  light  pulses  of  wavelengths  799  nm,  734  nm  and  633  nm. 

It  was  found  that  the  response  of  the  total  current  (including  dis¬ 
placement)  at  799nm  was  characterized  by  an  approximately  exponen¬ 
tially  decaying  current,  whilst  at  633nm  the  current  first  rose  to  a  peak 
before  falling  exponentially  again.  For  the  intermediate  wavelength,  the 
response  was  broadly  exponential,  though  interrupted  by  a  peak  corre¬ 
sponding  to  the  peak  electron  photocurrent. 

The  response  of  the  electron  photocurrent  component  was  character¬ 
ized  by  an  initial  rapid  rise  to  a  peak  after  about  2  picoseconds,  followed 
by  an  exponential  decay.  The  initial  pulse  reached  its  peak  later  and 
was  broader  for  the  higher  energy  radiation,  the  delayed  response  being 
explained  by  the  larger  population  of  electrons  raised  to  the  lower  sym¬ 
metry  heavier  bands  at  the  higher  creation  energies.  The  hole  response 
was  largely  unaffected  by  the  energy  of  the  incident  radiation. 
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1  Introduction 


Optical  devices  are  playing  an  increasingly  important  role  in  the  electronics 
industry.  Ever  faster  baud  rates  require  faster  optical  switches  and  as  such 
much  attention  is  being  devoted  toward  the  optimization  of  these  devices. 

Relatively  little  theoretical  work  has  been  done  in  this  field,  largely  because 
of  the  scarcity  of  bipolar  simulation  codes  of  the  Monte  Carlo  variety.  Of  those 
that  have  been  done  Rosenzweig  et  al  (1990)  do  not  include  displacement 
currents  in  their  analysis  and  Peterson  (1987)  uses  a  drift  diffusion  method 
applied  to  silicon.  Drift  diffusion  codes  are  unfortunately  not  well  suited  to  the 
simulation  of  sub-micron  GaAs  devices  [1]  [2]  [9]  due  to  transient  transport 
phenomena  and  as  such  only  an  exact  solution  of  the  Boltzmann  transport 
equation  will  supply  reliable  solutions. 

Of  the  various  forms  of  switch,  one  of  the  most  attractive  is  the  GaAs 
Metal-Semiconductor-Metal  (M.S.M.)  type  with  interdigitated  Schottky  con¬ 
tacts  which  are  well  suited  to  monolithic  integration  and  possess  the  qualities 
of  a  small  capacitance  and  high  carrier  clearance  rate  (a  105  Ghz  band  width 
has  been  measured  by  Van  Zeghbroek  et  al  (1988)). 

Although  the  favoured  wavelength  of  the  light  used  in  this  type  of  switch 
is  toward  the  low  energy  part  of  the  visible  spectrum  «  850?im,  we  believe  it 
of  interest  to  explore  the  effects  of  using  different  wavelengths  and  to  this  end 
we  have  used  a  2  dimensional  bipolar  Monte  Carlo  simulation  code  to  study 
the  response  a  sub-micron  optical  switch  to  different  energies  of  radiation. 


2  Method 

Monte  Carlo  simulation  is  a  useful  means  of  simulating  the  behaviour  of  small 
semiconductor  devices.  Unlike  conventional  (Drift  Diffusion)  simulation  meth¬ 
ods  which  assume  the  existence  of  equilibrium  carrier  transport  conditions 
throughout  the  device,  the  Monte  Carlo  method  provides  an  essentially  exact 
solution  of  the  Boltzmann  transport  equation  and  is  prone  only  to  statistical 
errors. 

The  method  simulates  the  motion  of  charge  carriers  through  a  semicon¬ 
ductor  device  by  following  the  progress  of  several  tens  of  thousands  of  “super 
particles”.  Each  super  particle  represents  a  number  of  real  particles  such  that 
the  charge  applied  to  the  super  particles  will  reproduce  the  correct  charge 
density.  These  particles  are  propagated  classically  between  collisions  accord¬ 
ing  to  their  velocity,  effective  mass  and  the  prevailing  field.  The  selection  of 
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Figure  1:  The  Idealized  Device  Geometry  of  the  simulation  indicating  the 
charge  creation  region.  W  —  oo ,  Lj  =  0.9/j.m,  Lc  -  0.2/rm  and  H  —  0.5 fim. 


the  propagation  time,  scatter  mechanism  and  other  related  quantities  is  done 
by  generating  a  random  number  and  using  this  number  to  select,  for  example 
a  scatter  mechanism,  from  a  predetermined  table  of  probabilities.  A  thorough 
discussion  of  the  Monte  Carlo  method  may  be  found  in  Fawcett,  Boardman 
and  Swain  (1970).  The  model  employed  consisted  of  a  2  dimensional  code 
simulating  electron  transport  in  GaAs  in  a  three  spherical  band  approxima¬ 
tion  and  hole  transport  in  a  two  warped  band  approximation.  Details  of  the 
scatter  rate  formula  and  parameters  used  for  the  holes  may  be  found  in  [3] 
and  [12]  and  for  the  electrons  in  [7]  [8]  . 

The  model  simulated  15000  electron-hole  pairs  created  according  to  an 
assumed  Gaussian  pulse  of  radiation  from  a  laser  with  a  standard  deviation 
of  144  fs.  The  incident  radiation  (and  hence  the  created  charge)  was  assumed 
to  be  attenuated  with  a  decay  length  A  of  0.234  microns  [15]. 


n  —  nmexp 


(1) 


The  pulses  were  assumed  to  be  of  sufficient  intensity  to  create  a  number  of 
particles  (nm)  equivalent  to  a  density  of  0.375  x  1023?n-3.  The  potential  was 
updated  every  15  femto  seconds  using  an  exact  matrix  solution  method  of  the 
L.U.  type  [13]  on  a  mesh  of  0.015  by  0.015  microns  and  a  cloud  id  cell  charge 
assignment  and  force  interpolation  scheme.  The  contacts  were  simulated  using 
conventional  “Schottky  contacts”  [11].  Recombination  was  not  included  in  the 
simulation  as  the  timescale  of  the  “sweep  out”  of  the  device  took  place  over 
the  order  10~n  seconds,  many  orders  of  magnitude  below  the  recombination 
time. 
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We  calculated  the  response  of  the  device  to  pulses  of  wavelengths  799  nm, 
734  nm  and  633  nm  (equivalent  to  creation  energies  of  0.005  Hartrees,  0.01 
Hartrees  and  0.02  Hartrees  under  a  bias  of  0.1  Hartrees  (2.72  Volts). 


3  Results 

Our  results  are  best  understood  by  first  looking  at  the  electron  photocur¬ 
rent  component  of  the  total  current  before  adding  the  displacement  current. 
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Figure  2:  The  electron  photocurrents  for  the  three  wavelengths  of  incident 
radiation. 

Figure  2  displays  the  the  electron  photocurrents  at  the  three  wavelengths  of 
799nm,  734nm  and  633nm.  The  electron  current  response  curves  are  broad¬ 
ened  and  the  rise  time  of  the  initial  peak  substantially  lengthened  by  light  of 
shorter  wavelength.  The  reason  for  this  can  be  seen  in  figure  3  which  shows  the 
electron  band  populations  at  the  wavelengths  of  799  and  633nm  respectively. 
Clearly,  a  substantially  greater  proportion  of  electrons  created  at  the  higher 
energy  (corresponding  to  the  lower  wavelength)  are  quickly  promoted  out  of 
the  light  T  valley  (band  1  in  the  figure)  to  the  heavier  lower  symmetry  bands 
(bands  2  and  3),  thus  delaying  the  response  of  the  electrons.  The  anode  and 
cathode  total  currents,  broken  down  into  their  components  are  displayed  in 
figure  4.  As  can  be  seen,  the  first  picosecond  of  the  total  current  is  dominated 
by  the  displacement  current  which  is  caused  by  an  increase  of  electric  field  at 
the  anode  and  cathode.  This  is  due  to  electrons  and  holes  moving  under  the 
initial  electric  field  causing  highly  charged  regions  to  either  side  of  the  charge 
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Figure  3:  The  electron  band  populations  at  the  wavelengths  of  799  and  633nm 
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Figure  4:  The  anode  and  cathode  currents  at  each  incident  wavelength 
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Figure  5:  The  evolution  of  the  potential  (contours  at  intervals  of  0.54  V) 
and  electron  and  hole  densities  (each  point  corresponds  to  the  position  of  a 
superparticle  in  the  simulation).  The  anode  is  to  the  right. 


creation  region.  This  movement  is  much  slower  in  the  633nm  case  than  the 
799nm  case  due  to  the  higher  effective  mass  of  the  electrons,  and  so  explains 
the  difference  in  the  initial  rise  time  of  the  current. 

As  the  electrons  start  to  pass  through  the  anode,  the  total  charge  density 
on  the  anode  side  begins  to  reduce  (both  because  electrons  are  being  lost 
through  the  contact  and  because  holes  are  also  diffusing  into  the  region  (see 
figure  5)).  This  in  turn  causes  a  reduction  in  the  electric  field  at  the  anode  with 
a  corresponding  displacement  current  in  the  opposite  direction  and  similar 
magnitude  to  the  electron  photocurrent.  Eventually  the  electric  field  at  the 
anode  becomes  very  small  with  most  of  the  potential  drop  occurring  over  the 
positively  charged  cathode  side. 

The  current  is  then  dominated  by  the  photocurrent  on  each  contact  with 
electrons  diffusing  out  of  the  anode  and  holes  being  driven  out  of  the  cathode 
under  the  high  electric  field.  As  the  electrons  are  lost,  the  extent  of  the  charge 
neutral  region  on  the  anode  side  reduces  (see  figure  5  at  15  and  25ps)  with 
corresponding  changes  of  potential.  In  the  final  stages  (after  about  50ps)  when 
most  of  the  electrons  are  lost  from  the  device,  the  current  on  the  anode  side 
once  again  has  a  significant  displacement  current  component  as  the  electric 
field  on  the  anode  returns  to  its’  initial  value. 

3.1  Errors 

Figure  6  shows  the  charge  and  current  through  each  contact  compared  at 
734nm.  During  the  initial  rapid  transient  the  error  in  the  charge  conservation 
is  approximately  7%  but  this  quickly  falls  to  much  less  than  1  %  non-charge 
conservation.  Much  of  this  error  is  due  to  the  numerical  integration  of  the 
electric  field  over  the  contact  which  in  effect  meant  that  the  number  of  points 
were  the  electric  field  was  known  was  limited  by  the  mesh  size  (14  points  across 
the  contact).  Smaller  sources  of  error  arise  from  the  lack  of  consideration  of 
magnetic  field  components  in  the  simulation  and  the  coarseness  of  the  super¬ 
particle  to  real  particle  ratio  in  the  simulation  which  in  the  case  of  the  lower 
hole  currents  reveals  itself  as  “roughness”  in  the  current  curves. 

It  should  be  stressed  that  the  simulation  was  2  dimensional  and  as  such 
assumed  that  the  depth  (H  in  figure  1)  of  the  swit  i  was  infinite. 

4  Conclusion 

The  initial  current  is  dominated  by  the  displacement  current,  the  rise  time 
is  determined  by  how  quickly  highly  charged  regions  can  be  formed  to  either 
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Figure  6:  The  current  through  each  contact  compared  for  at  799nm  showing 
the  error  in  charge  conservation. 

side  of  the  charge  creation  region. 

We  can  see  no  (speed)  advantage  in  using  higher  energy  radiation  as  this 
causes  promotion  of  the  electrons  to  higher  energy  and  heavier  bands  which, 
as  just  mentioned,  slows  the  initial  displacement  response  and  also  slows  the 
passage  of  the  electron  photocurrent.  In  addition  the  slower  photocurrent 
can  cause  undesirable  structure  to  appear  in  the  current  pulse  due  to  the  late 
arrival  of  electrons  at  the  anode,  rather  than  merging  smoothly  with  the  initial 
displacement  current  pulse. 

An  overall  faster  response  (in  terms  of  clearing  the  device  of  charge  carri¬ 
ers)  can  be  achieved  by  lowering  the  intensity  of  the  incident  radiation,  thus 
reducing  the  amount  of  screening  at  the  cathode  and  so  maintaining  a  strong 
electric  field  over  the  entire  device. 
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ABSTRACT 

Although  large-signal  models  for  GaAs  MESFETs  have  been  developed  extensively,  the  same  is 
not  true  for  heterojunction  bipolar  transistors  (HBT's).  A  first-order  model,  based  on  first-order 
device  physics,  is  used  for  harmonic  distortion  analysis  of  an  inverted  HBT.  It  is  shown  that  the 
first-order  model  is  adequate  at  medium  power  levels  and  inadequate  at  higher  power  levels 
where  the  device  is  driven  into  hard  saturation  and  cutoff. 

I.  INTRODUCTION 

With  advances  in  the  fabrication  of  heterojunction  bipolar  transistors  (HBT's),  there  have  been 
numerous  articles  covering  various  aspects  of  the  HBT  performance  [l]-[2].  Kim  et.  al.  [1]  have 
reviewed  the  GaAs  device  fabrication  and  IC  technology  in  detail.  An  advantage  of  HBT's  is 
their  high  linearity.  Third-order  intermodulation  distortion  points  (IP3)  up  to  35  dBm  have  been 
reported  [1].  Efforts  in  both  linear  and  nonlinear  modeling  of  HBT's  have  been  ongoing  [3]-[7]. 

This  paper  presents  the  application  of  the  first-order  bipolar  model  to  the  simulation  of  HBT 
nonlinearity.  The  quasi-static  method  based  on  small-signal  measurements  and  modeling  at 
various  bias  points  is  used.  Equations  governing  nonlinearity  of  the  intrinsic  elements  are 
deduced  and  used  in  a  harmonic  balance  simulator.  The  simulated  second  and  third  harmonics 
are  then  compared  to  corresponding  measurements.  Although,  by  virtue  of  its  size  and  I-V 
characteristics,  the  device  used  here  is  suitable  for  small-signal  operation;  the  large-signal 
modeling  presented  here  demonstrates  the  limitations  of  the  first-order  model. 

H.  DEVICE  MODELING 

The  device  used  here  is  a  5  x  10  pm2  InGaAs/InAlAs/InP  inverted  HBT  with  an  fj  of  24  GHz. 
The  layer  structure  and  the  I-V  characteristics  of  the  device  are  shown  in  Figures  1  and  2, 
respectively.  The  fabrication  and  performance  of  this  device  have  been  reported  in  [2].  Small- 
signal  modeling  efforts  and  investigation  of  the  bias-dependence  of  the  intrinsic  elements  have 
also  been  reported  [5],  [8]. 
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For  large-signal  simulations,  the  quasi-static  modeling  technique  based  on  small-signal 
measurements  is  used.  Small-signal  s-parameters  are  measured  over  a  wide  frequency  band 
(0.05  to  26  GHz)  and  bias  conditions  from  cutoff  to  saturation.  Thirty  nine  bias  points  are 
chosen  within  the  range  of  base  current  (lb)  from  0  to  250  (iA  and  collector-emitter  voltage  (Vce) 
from  0.6  to  2  V.  The  small-signal  model,  shown  in  Fig.  3,  is  fitted  to  the  measured  s-parameters 
at  each  bias  point.  This  is  done  using  the  commercial  software  Touchstone  [9].  The  parasitic 
elements,  Cbe,  0*,  Qe.  Lb>  Le>  Lc,  and  contact  resistors,  Rb,  Rc>  Re>  and  the  intrinsic  base 
resistor  (included  in  Rb)  are  assumed  to  be  linear  and  invariant  with  bias.  The  bias-dependent 
elements  are  Re,  Ce,  Cc,  <Xo,  and  g0.  It  has  been  shown  that  consideration  of  the  bias  variation  of 
these  elements  is  sufficient  for  accurate  small-signal  modeling  [8].  The  maximum  normalized 
errors  of  the  small-signal  fits  averaged  over  39  bias  points  are  6%  for  Sn,  1 1%  for  S21,  8%  for 
S12,  and  8  %  for  S22  at  the  fundamental,  second,  and  third  harmonic  frequencies  of  6, 12  and  18 
GHz.  The  details  of  modeling  efforts  over  the  bias  region  can  be  found  in  [8]. 

The  following  equations  are  used  for  the  characterization  of  intrinsic  elements 

Rg  =  where  ie  =  iQ  (e  Vbe  ^  vt  -  1  ) 

‘e  k  1 

Ce  =  Cje  +  To  ■  ge  where  ge  =jr; 

Co  -  , 

Oq  =  ao  +  ai .  vce  +  a2 .  ie 

where  all  voltages  and  currents  are  those  of  the  intrinsic  device.  The  first  three  equations  are 
given  by  first-order  device  physics.  The  fourth  equation  is  also  well  known,  where  ve  is  the 
Early-voltage  of  the  device.  Given  the  fact  that  the  device  model  neither  accounts  for  saturation 
nor  avalanching,  the  last  equation  is  included  in  order  to  account  for  variations  of  (Xq  with  bias. 
These  equations  are  fitted  to  the  bias  variation  of  the  intrinsic  element  values  and  the 
corresponding  constants  are  determined. 

During  small-signal  measurements,  the  base  current  (lb)  and  the  external  collector-emitter 
voltage  (Vce)  constitute  the  sources  while  the  collector  current  (Ic)  and  the  external  base-emitter 
voltage  (Vbe)  are  measured.  Given  the  external  bias  voltages  and  currents,  the  intrinsic  voltage 
and  current  values  need  to  be  determined.  Since  the  element  values  deduced  from  small-signal  s- 
parameters  are  not  consistent  with  the  measured  external  DC  bias,  a  hybrid  approach  is  used  in 
which  the  bias  values  of  lb  and  Vce  and  the  values  of  0Cq  and  g0  as  determined  from  small-signal 
modeling  are  taken  as  independent  variables.  The  two  parameters  vt  and  i0  are  then  adjusted  for 
a  fit  between  the  measured  and  modeled  Re  and  the  measured  and  modeled  Vbe-  Given  vt  and  i0. 
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the  intrinsic  bias  values  are  determined  and  used  for  determination  of  the  model  parameters  Cje, 
to,  cjC,  v0,  ve,  ao,  ai,  a2-  The  model  parameters  are  listed  in  Table  1.  Figures  4  through  8  present 
plots  of  the  intrinsic  element  values.  Re,  Ce,  Cc,  go>  °o>  as  determined  by  small- signal  modeling 
together  with  those  determined  from  equations  of  the  first-order  model.  The  two  parameters  in 
Figures  4  through  8  are  the  base  current  (lb)  and  the  external  collector-emitter  voltage  (Vce)  with 
increments  of  50  (lA  and  0.2  V  respectively.  These  figures  show  that  the  first-order  equations 
are  not  adequate  for  modeling  Ce  and  Cc  over  their  entire  bias  range.  In  addition,  a  higher  order 
variation  for  cto  with  respect  to  ie  should  be  considered. 

HI.  SIMULATION  OF  HARMONIC  DISTORTION 

A  harmonic  balance  simulator  was  developed  for  a  personal  computer  incorporating  the  model 
equations.  A  simulation  was  performed  at  6  GHz  and  bias  of  VCe  =  1-2  V  and  lb  =  150  pA 
corresponding  to  Ic  of  4.5  mA  .  Figure  9  shows  the  measured  and  simulated  fundamental, 
second,  and  third  harmonics.  The  maximum  deviation  between  the  measurements  and 
simulations  are:  fundamental,  0.5  dB,  second  harmonic,  3.4  dB,  and  third  harmonic,  7.3  dB.  It  is 
evident  that  at  output  power  levels  exceeding  -3  dBm,  corresponding  to  4.5  mA  of  peak  swing 
across  the  output  50  Q  load,  the  simulated  second  harmonic  response  begins  to  deviate  from  the 
measurement.  This  demonstrates  the  limitations  of  the  model  as  it  does  not  account  for  hard 
operation  within  the  saturation  and  cutoff  region.  A  more  elaborate  model  taking  into  account 
the  forward  operation  of  the  base-collector  junction  should  result  in  an  improved  simulation. 
There  is  only  limited  success  in  simulating  the  third  harmonic.  The  slopes  of  the  simulated  and 
measured  third  harmonic  distortion  are  not  the  same.  Although  the  slope  of  the  simulated  third 
harmonic  distortion  is  3,  the  measured  distortion  has  a  slope  of  2.5.  However,  at  higher  power 
levels  the  third  harmonic  simulation  does  approach  the  measurement. 

IV.  CONCLUSION 

The  use  of  the  first-order  bipolar  model  for  harmonic  distortion  simulation  was  investigated. 

The  values  of  the  intrinsic  elements  as  deduced  from  small-signal  modeling  were  fitted  to  and 
compared  with  those  of  the  first-order  bipolar  model.  The  device  modeling  technique  was 
outlined.  A  harmonic  balance  simulation  was  performed  demonstrating  the  use  and  limits  of  the 
model.  In  summary,  the  first-order  bipolar  model  is  adequate  for  modeling  the  second  harmonic 
distortion  up  to  power  levels  where  the  device  is  driven  into  saturation  or  cutoff;  and  its  use  for 
modeling  the  third  harmonic  distortion  is  limited  to  higher  power  levels. 
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Fig.  1  Vertical  structure  of  the  5x10  |im2  InGaAs/InAlAs/InP  inverted  HBT. 
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Fig.  2  Collector  current  (Ic)  versus  collector-emitter  voltage  (Vce)  transfer 

characteristics  of  the  HBT. 
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Fig.  3  Equivalent  circuit  model  of  the  HBT. 
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Re  (Q) 


Table  1  Parameters  of  the  first-order  model’s  intrinsic  elements. 


le  (A)  le  (A) 

Fig.  4  Plot  of  Re  versus  the  internal  emitter  current  (le)  with  the  base  current  (lb)  and  the 
external  collector-emitter  voltage  (Vce)  as  parameters. 
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Cc  (pF)  ~  Ce  (pF) 


Small-signal  fitting 


First-order  model 


le  (A)  le  (A) 


.  5  Plot  of  Ce  versus  the  internal  emitter  current  (le)  with  the  base  current  (lb)  and  the 
external  collector-emitter  voltage  (Vce)  as  parameters. 


Small-signal  fitting  First-order  model 


Vcb  (V)  Vcb  (V) 

Fig.  6  Plot  of  Q  versus  the  internal  collector-base  voltage  (Vcb)  with  the  base  current  (lb)  and 
the  external  collector-emitter  voltage  (Vce)  as  parameters. 


Small-signal  fitting 


First-order  model 


Fig.  7  Plot  of  go  versus  the  internal  collector-emitter  voltage  (Int.  Vce)  with  the  base  current  (lb) 
and  the  external  collector-emitter  voltage  (Vce)  as  parameters. 
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Fig.  8  Plot  of  (Xo  versus  the  internal  emitter  current  (Ie)  with  the  base  current  (lb)  and  the 
external  collector- emitter  voltage  (Vce)  as  parameters. 
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Abstract 

We  have  systematically  investigated  technological  parameters  of  Al0.3Ga0.7 As/GaAs  power  heterojunc¬ 
tion  bipolar  transistors  (HBTs)  using  finite-element  modelling,  taking  into  account  the  temperature 
dependence  of  the  semiconductor  materials  involved  and  a  realistic  nonplanar  mesa  structure.  Our 
calculations  include  a  multilayer  structure  and  raise  the  question  of  the  magnitude  of  heat  transfer  via 
top  metal  contacts.  Equally  important,  for  the  case  of  multielement  power  HBTs  with  close  element 
spacing  the  lateral  spread  of  the  heat  flow  is  inhibited  by  the  neighbouring  elements  and  the  depen¬ 
dence  of  the  thermal  resistance  on  element  spacing  and  substrate  thickness  can  be  approximated  by  a 
very  simple  analytical  relationship. 


I.  INTRODUCTION 


Power  amplification  at  microwave  frequencies  using  heterojunction  bipolar  transistors  has  received  signif¬ 
icant  publicity  of  the  past  few  years.  Most  noteably,  HBTs  offer  high  output  power  per  unit  length  and 
excellent  power-added  efficiencies.  Contrary  to  FETs  which  are  largely  limited  by  maximum  current  and 
breakdown  voltage,  HBTs  are  limited  by  thermal  constraints  -  their  full  potential  can  only  be  utilized  under 
pulsed  low-duty-cycle  operation  [1].  The  management  of  heat  currents  inside  HBT  structures  becomes  a 
serious’  concern  in  the  design  of  microwave  power  HBTs  when  maximized  average  output  power  is  the  goal. 
Most  researchers  have,  up  to  now,  approached  the  thermal  simulation  of  these  devices  as  a  planar ,  single- 
or  multilayer  problem  [2]-[4],  Real  microwave  HBTs,  however,  have  a  strongly  nonplanar  mesa  structure 
composed  of  vertical  sections  of  semiconductor  materials  with  varying  composition  and  doping.  The  thermal 
conductivity  of  III-V  semiconductor  materials  like  GaAs  and  InP  is  much  worse  than  that  of  Silicon  and, 
as  the  latter,  decreases  significantly  with  increasing  temperature  [5].  In  case  of  ternary  semiconductors  like 
AlGaAs,  the  thermal  conductivity  is  also  a  strong  function  of  the  stochiometry  [6]. 

As  our  numerical  calculations  show,  the  lateral  thermal  flow  in  a  one-emitter  HBT  and  in  a  multi-cell 
HBT  leads  approximately  to  a  homogeneous  heat  transfer  through  the  substrate.  This  homogeneous  heat 
flow  can  be  discribed  by  a  simple  analytical  formula,  so  that  predictions  about  the  thermal  behavior  of 
a  power  HBT  for  different  substrate  materials,  for  different  lateral  dimensions  and  for  different  substrate 
thicknesses  can  be  made.  In  case  of  the  one-emitter  HBT,  when  the  geometry  is  small  compared  to  the 
substrate  thickness  and  chip  dimensions,  the  heat  will  diffuse  laterally  and  vertically  until  the  chip  bor  ers 
are  reached,  at  which  point  the  flow  will  become  near-homogeneous  in  the  vertical  direction. 

To  achieve  large  output  powers  from  a  single  transistor  chip,  practical  power  HBTs  combine  many  transistor 
cells  in  close  proximity  [7].  In  such  a  case,  the  dissipated  heat  from  the  neighbouring  elements  decreases 
the  lateral  temperature  gradient  and  consequently  the  lateral  flow.  This  means  that  the  cross-section  of 
substrate  through  which  the  heat  can  be  passed  gets  drastically  smaller  for  all  but  the  boundary  elements, 
leading  to  an  increase  in  the  thermal  resistance  which  can  also  be  described  by  an  analytical  formula  for 
an  homogenous  heat  flow  through  the  substrate. 
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Owing  to  the  rather  poor  thermal  properties  of  popular  microwave  semiconductors,  means  to  improve  heat¬ 
sinking  are  in  great  demand.  Besides  the  usual  thinning  of  the  substrate,  placement  of  thin-film  devices 
on  substrates  of  superior  thermal  conductivity  and  thermal  transfer  via  thick  surface  metal  contacts  have 
been  investigated  in  the  context  of  this  work. 

Collector-up  heterojunction  bipolar  transistor  structures  have  been  the  scope  of  work  by  several  authors 
[8],  [9].  They  possess  an  inherently  small  base- col  lector  capacitance,  significantly  increasing  the  maximum 
frequency  of  oscillation  over  emitter-up  transistors  with  the  same  base  sheet  resistance.  This  property  makes 
them  attractive  also  for  microwave  power  applications.  As  a  demonstrator  for  the  techniques  employed  in 
our  calculation  method,  we  will  show  how,  in  case  of  Alo.3Gao.7As/GaAs  devices,  the  inverted  structure 
adversely  affects  the  junction  temperature. 


II.  GENERAL  CONSIDERATIONS 


As  a  twodimensional  model  for  the  unit  cell  of  a  typical  power  HBT  we  chose  the  layer  structure  and 
geometry  depicted  in  Fig.  1.  As  can  be  seen,  the  emitter  width  was  2 pm,  the  base-emitter  spacing  0.2  pm, 
the  base  width  100  nm,  the  collector  width  1  pm,  and  the  substrate  thickness  100  pm,  to  highlight  the  more 
important  parameters. 


y 


Emittercap:  GaAs,  Nd  =  5el8  cm*-3,  h2  =  0.1 
hl  Emitter:  AlGaAs,  Na  =  5el7  cm*-3,  h3  =  0.2 ,  b2  =  1.0 
'h2  Base:  GaAs,  Nd  =  5el9  cm*-3,  h5  =  0.1 

Collector:  GaAs,  Nd  =  lel6  cm*-3,  h6  =  1.0 
ha  Xh4  Subcollector:  GaAs,  Nd  =  5el8  cm*-3,  h8  =  0.5 
h5  Substrate:  GaAs  /  Si  /  InP  /  Diamond  (2a),  h9  =  100 


h6  Jh7 
h8 


bl 

b3 

b4 

hi 


0.5  *  b  =  13 

b5  =  b6  =  0.2  -  2.0,  b8  -  0.2  -  2.0 

3.0  ,  b7  =  3.0 

0.5  ,  h4  =  0.2  ,  h7  -  0.2 


h9 


Figure  1:  Twodimensional  model  for  one  cell  of  an  AlGaAs/GaAs- HBT.  All  dimensions  are  in  pm. 

The  main  quantity  in  a  thermal  modell  for  a  semiconductor  device  is  the  thermal  conductivity  A.  In 
semiconductors,  A  shows  approximately  a  1/T  temperature  dependence.  This  temperature  dependence 
results  from  heat  transport  mainly  by  acoustic  phonons.  An  increase  in  doping  concentration  leads  to  an 
increased  scattering  of  acoustic  phonons  by  the  quasifree  electrons  and  holes,  so  that  A  decreases  [5].  In 
the  ternary  semiconductor  AlxGa\-xAs ,  where  typically  x  —  0.3  in  the  emitter  of  an  HBT,  one  observes 
an  important  reduction  of  the  thermal  conductivity  compared  to  GaAs.  This  observation  can  be  explained 
by  the  increased  disorder  in  the  GaAs  crystal  lattice  due  to  the  substitution  of  Ga  by  Al,  leading  to  a 
remarkable  mass  difference  scattering  of  the  acoustic  phonons  [6],  and  reducing  the  thermal  conductivity 
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as  a  consequence 


Ag'<iAs(300A')  «  3.6  ■  \Alo.3Gao.7As{30Q  K)  ■  (!) 

So  for  thermal  considerations  the  HBT  described  above  represents  an  inhomogeneous  body  whose  local 
thermal  conductivity  is  influenced  by  the  varying  material  (Al0.3Ga0  7As,  GaAs,  Au  metallizations)  an 
the  varying  doping  in  the  semiconductor  regions.  As  a  consequence  A  gets  an  explicit  dependence  on  the 
position  x  and  the  nonlinear  heat  equation  for  our  semiconductor  device  can  be  written  in  the  form 

-  (V(A(x,T))VT  +  A(x,T)AT)  =  tjj(x,T)  ,  (2) 

where  yj  represents  the  dissipated  power  density.  In  our  modell  we  assumed  abrupt  interfaces  between  the 
individual  regions,  so  that  the  gradient  of  A  at.  the  interfaces  is  no  longer  defined,  and  as  a  consequence 
we  must  split  the  nonlinear  heat  equation  (2)  into  an  eleven-dimensional  system  of  partly  nonlinear  partial 
differential  equations  of  the  second  order,  which  are  coupled  via  the  boundary  conditions: 


\  (£_  +  l\T 

*Au'e  V dx 2  +  dy2J 

l  (>■"?)* 5  ('■<) 

SKl-sK) 

w.  d^+s?) T 

1«1  (l?+ J?)  T 

(&_  r 

Xau'sc1  Vdz2  +  dy2) 

A  (*-  +  £-  )T 
Xau'sc 2  \dx2  +  dy 2  ) 

tx  {Xsu(T)%)+'k  iXsu{T)h) 


The  thermal  conductivities  A^e,  Aec,  Ae,  A j,  A^u^i,  \Au,b2,  A c,  Asc,  ^Au,sci>  ^Au,sc2  and  Xsu  describe  the 
thermal  behaviour  in  the  emitter  contact,  in  the  emittercap-layer,  in  the  emitter,  in  the  base,  m  the  ba.se 
contacts,  in  the  collector,  in  the  subcollector,  in  the  subcollector  contacts  and  in  the  substrate,  respectively. 
Further  we  assumed  that  the  dissipated  power  density  t]j  is  evenly  distributed  across  the  intrinsic  collector 

depletion  region  Vcj  and  obtained 


t]j  =  tt  i  Pj  ■-  Ubc  Ic  ■  (14) 

Vci 

The  boundary  conditions  are  a  very  important  part  of  any  thermal  model.  The  thermal  resistance  at 
the  interface  between  the  individual  layers  was  assumed  negligible,  and  hence  the  temperature  is  constant 
across  the  interface:  T)  =  Ti+i-  In  contrast  to  previous  work,  we  allowed  the  metallizations  to  conduct 
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heat  away  from  the  device,  according  to  Newton’s  law  of  cooling,  which  is  an  equation  linking  the  normal 
derivative  (  n)  of  temperature  and  the  temperature  at  the  surface  of  the  metallization  ( surm ) 

,  f  dT\ 

~  (  7)  )  —  ^{Tsurm  —  Tarnh)  .  (15) 

The  heat  transfer  coefficient  h  depends  crucially  on  the  device  geometry  and  the  environment  it  is  embedded 
in  (e.g.  distance  to  bond  pad,  bond  wires)  and  is  a  subject  of  our  present  theoretical  and  experimental 
investigations. 

The  bottom  of  the  substrate  was  assumed  to  be  on  a  constant  ambient  temperature  (Ts  =  Tamb  =  293 K)  - 
a  fair  approximation  considering  that  the  thermal  resistances  within  the  device  here  are  much  larger  than 
the  case-ambient  thermal  resistances  of  commercially  available  packages. 

The  free  surfaces  ( surf)  of  the  device  are  assumed  to  be  thermally  isolated,  as  heat  dissipation  by  radiation 
can  be  neglected  according  to  our  calculations.  Here,  the  gradient  of  the  temperature  field  disappears: 


(16) 


The  problem  as  described  above  was  solved  using  the  finite-element  program  ANSYS.  The  mesh  had  to 
be  chosen  very  dense  (0.1 /rm)  in  the  vicinity  of  the  heat  source,  to  assure  convergence  in  the  presence  of 
large  temperature  gradients  there.  Fig.  2  shows  an  example  for  a  temperature  distribution  and  a  mesh 
density  in  the  vicinity  of  the  heat  source. 
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Figure  2:  Temperature  distribution  in  °C  inside  a  nonplanar  Al0.,Ga07As/GaAs- HBT  structure  for  a  power 
dissipation  P  =  2,5  W/mm  and  for  heat  transfer  coefficients  he  =  f0~5  W/(K  /im2)  at  the  emitter,  and  hbc  = 
10  '  W/(K  nm  )  at  the  base  and  collector  contacts. 

To  preserve  memory  and  CPU  time,  the  mesh  density  was  gradually  decreased  with  increasing  distance 
from  the  heat  source. 
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The  finite-element  method  adopted  here  allows  us  to  model  more  realistically  the  effects  of  the  metal 
contacts  and  the  stochiometry-dependent  thermal  properties  of  the  semiconductor  layers,  particularly  the 
AL  3Ga0  -As  emitter  layer.  Note  that  the  inclusion  of  the  metal  contacts  is  important  even  if  no  heat 
transfer  is  allowed  to  the  outside  (he  =  hbc  =  0),  because  they  redistribute  heat  within  the  device,  as  can 

While  the  one-emitter  HBT  is  well  suited  to  describe  the  method  employed  in  our  calculations,  the  numerical 
results  presented  below  relate  to  a  more  realistic  multi-element  power  HBT  formed  by  placing  many  one- 
emitter  cells  side  by  side  in  close  proximity  on  one  substrate,  with  pitch  b  =  2b,.  We  assume  that  the 
cells  in  the  middle  of  the  multi-element  power  HBT  dissipate  the  same  power.  No  electro-thermal  feedback 
mechanism  is  included  in  our  model  at  this  point.  Then,  for  symmetry  reasons,  the  elements  are  separated 

by  adiabatic  planes  (a)  where 

AL)  =0  (in 

,dn)  a 

and  hence  no  heat  is  passed  laterally  between  adjacent  cells. 


III.  NUMERICAL  RESULTS 


For  the  multielement  HBT  outlined  above,  we  consider  the  effect  of  various  substrate  materials,  assuming 
that  the  HBT  subcollectors  sit  directly  on  the  substrate  of  choice.  Such  a  structure  can  be  fabricate 
using  epitaxial  lift-off  [10].  For  the  emitter  length  le  we  choose  20  pm  in  our  calculations.  Not  surprisingly, 
diamond  fares  best  among  the  substrates  investigated,  see  Fig.  3. 


Figure  3:  Effect  of  various  substrate  materials  on  the  junction  temperature  Tmax  in  C,  vs.  dissipated  power  in 
W/mm. 

The  significant  decrease  in  junction  temperature  obtained  when  choosing  InP  or  Si  over  GaAs  should  be 
noted.  The  decrease  of  thermal  conductivity  with  increasing  temperature  creates  the  nonlinear  increase  in 
junction  temperature  with  increasing  dissipated  power  for  GaAs  and  InP ,  whereas  for  Si  and  diamond,  a 
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linear  relationship  closely  approximates  the  data.  These  calculations  neglect  the  effect  of  heat  transfer  via 
surface  metal  contacts. 

To  evaluate  the  effect  of  substrate  thickness  on  the  thermal  resistance 

n  Tmax 


we  have  to  distinguish  between  single-  and  multielement  devices.  In  a  single-element  device  with  one  heat 
source  of  small  geometry  on  substrates  like  GaAs  with  low  thermal  conductivity,  lateral  heat  spreading 
prevails  until  the  diffusive  thermal  flow  reaches  the  chip  boundaries.  Substrate  thickness,  then,  has  a 
reduced  effect  on  the  junction  temperature.  In  the  more  relevant  case  of  many  closely  spaced  transistor 
elements,  this  situation  changes,  as  outlined  above.  The  cross-section  available  for  heat  conduction  towards 
the  substrate  becomes  a  linear  function  of  the  element  spacing  b. 

As  Fig.  4  shows,  the  effect  of  substrate  thickness  becomes  the  more  pronounced,  the  smaller  the  element 
spacing  is.  The  lower  curve,  for  an  element  spacing  of  b  =  236  ptm  (=single  HBT),  represents  a  case  with 
little  thermal  interaction,  close  to  the  single-element  case.  The  top  curve,  representing  a  spacing  of  36  /jm, 
shows  a  much  stronger  dependence. 


■  Tamb 


Pj 
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Figure  4:  Effect  of  substrate  thickness  in  (im  on  the  thermal  resistance  Rth  in  K jW ,  for  two  different  element 
spacings  in  nm,  and  a  dissipated  power  of  l,5W/mm. 


In  both  cases,  the  dependence  of  the  thermal  resistance  on  the  substrate  thickness  ls  is  approximately  linear 

Rth  &  Ro  +  •  Y  ,  A2  :=  A  •  le  '  (19) 

A2  b 

Ro  :  thermal  resistance  of  collector  and  sub  collector  , 

which  is  typical  for  a  homogeneous  heat  flow  through  the  substrate  and  so  the  derivative  of  Rth  is  directly 
related  to  the  inverse  of  the  element  spacing  6 


dRth 

~dh~ 


(20) 


Here,  A  is  the  mean  substrate  thermal  conductivity,  averaged  over  the  temperature  range  in  the  substrate. 
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So  far  we  have  assumed  that  no  heat  is  being  transfered  away  from  the  device  via  the  metal  contacts  on 
top  in  accordance  with  the  literature.  Let  us,  next,  try  to  assess  the  validity  of  this  assumption.  Lack¬ 
ing ’experimental  data,  heat  transfer  coefficients  have  been  calculated  for  the  emitter,  base,  and  collec  or 
contacts.  In  each  case,  the  metal  thermal  conductivity  was  assumed  to  be  constant  (a  very  good  approx¬ 
imation)  and  the  heat  flow  within  the  metal  to  be  homogeneous.  For  the  base  and  collector  contacts,  we 

used  a  thickness  of  0.5  gm,  leading  to 

hic  =  ht7^ — 2  ■ 

K  pm2 

For  the  emitter  contact,  however,  a  very  thick  metal  layer  of  10  pm  was  assumed  in  order  to  study  the 
heat-sinking  effect.  While  this  number  is  about  a  factor  of  three  larger  than  a  typical  airbridge  our  resu  s 
indicate  nevertheless  that  heat-sinking  via  emitter  airbridge  contacts  cannot  be  neglected.  We  obtain  for 
the  emitter  contact  heat  transfer  coefficient 


10' 


W 


I\  pm2 


Even  larger  coefficients  should  be  possible  by  flipchip  mounting  of  the  device,  as  has  been  suggested. 

As  Fig.  5  clearly  shows,  the  heat  transfer  via  the  contacts  will  have  a  very  significant  effect  on  the  maximum 
junction  temperature,  owing  largely  to  the  heat-sinking  effect  of  the  emitter  contact. 


Figure  5:  Effect  of  heat  transfer  via  emitter,  base,  and  collector  contacts  on  the  maximum  junction  temperature 
Tmax  in  °C  for  various  magnitudes  of  power  dissipation  in  W/mm. 

The  influence  of  heat  transfer  via  the  contacts  can  also  be  dramatic  when  we  consider  the  effect  of  element 
spacing  on  the  maximum  junction  temperature  for  a  given  dissipated  power.  From  both  a  chip  real-estate 
and  a  microwave  design  point  of  view,  close  spacing  is  very  desirable.  If  we  neglect  heat  transfer  over  the 
contacts,  we  find  that  the  maximum  temperature  Tmax  is  inversely  proportional  to  the  spacing  parameter 

b  as  Fig.  6  shows.  , 

This  dependence  can  again  be  explained  by  a  nearly  homogeneous  heat  flow  through  the  substrate.  With 

the  definition  of  the  thermal  resistance  (18)  and  with  equation  (19)  one  gets  immediatly  for  Tmax 

Tmax  «  Tamb  +  PjRo+  \  ■  (21) 
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Figure  6:  Effect  of  emitter  spacing  b  in  iim  on  the  maximum  junction  temperature  Tmai  in  °C  for  various  magnitudes 
of  the  heat  transfer  coefficient  h  in  W/(K  pm2). 

Using  our  estimated  heat  transfer  coefficients  as  outlined  above,  the  dependence  becomes  much  weaker  due 
to  a  significiant  heat  conduction  through  the  contact  metallizations.  If  we  allow  h  =  10~5  W/(K  pm2)  for 
all  contacts  (see  Fig.  6,  lowest  curve),  the  temperature  becomes  independent  of  spacing.  This  seemingly 
surprising  fact  is  due  to  the  collector  contacts  being  placed  between  individual  cells  in  our  assumed  structure, 
thermally  isolating  the  individual  transistor  cells  if  the  heat  transfer  coefficient  of  the  collector  contact  is 
large  enough.  Such  a  structure,  as  desirable  as  it  might  be,  might  be  difficult  to  fabricate,  however. 
Finally,  let  us  consider  an  inverted  HBT  structure  where  the  collector  is  on  top  and  the  AlQ.3GaQ.7As  emitter 
is  buried  beneath  the  transistor  structure.  The  main  advantage  of  such  a  structure  is  the  absence  of  any 
extrinsic  base-collector  capacitance,  leading  to  a  much  improved  maximum  frequency  of  oscillation  over 
a  more  conventional  emitter-up  device  with  comparable  geometric  design  rules  and  base  sheet  resistance. 
In  the  context  of  power  HBTs,  however,  this  structure  has  the  disadvantage  that  the  heat  flow  from  the 
base-collector  region  to  the  substrate  now  has  to  pass  through  the  poorly  heat-conducting  Alo.3GaQ.7As 
layer.  The  top  curve  in  Fig.  7a  shows  that,  in  the  absence  of  heat-sinking  in  the  collector  contact,  we 
observe  a  significant  increase  in  junction  temperature. 

If  we  now  allow  substantial  heat  flow  through  the  collector  contact  ( hc  =  10 ~5W/(I\  pm?)),  Fig.  7b,  the 
junction  temperature  of  the  collector-up  structure  is  reduced  to  that  of  the  emitter-up  device.  Effective 
collector  contact  heat-sinking  is  therefore  essential  for  collector-up  power  HBTs. 


IV.  CONCLUSION 


We  have  demonstrated  finite-element  modelling  as  a  means  to  investigate  the  thermal  behaviour  of  strongly 
nonplanar,  inhomogeneous  HBT  structures.  In  multielement  devices  with  close  element  spacing,  lateral  heat 
spreading  is  prohibited  and  the  thermal  transport  in  the  substrate  is  near-homogeneous.  The  dependence 
of  their  thermal  resistance  on  element  spacing  and  substrate  thickness  is  reduced  to  a  simple,  analytic 
formula.  The  heat  transfer  coefficient  of  the  metal  contacts  on  top  of  the  structure  has  been  calculated 
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Figure  7:  Maximum  temperature  Tmal  in  »C  for  a  collector-up  and  emitter-up  HBT  structures  vs.  dissipated  power 
in  W/mm,  for  (a)  no  heat-sinking  via  contacts  and  (b)  heat-sinking  via  contacts  allowed. 


using  realistic  assumptions.  It  was  found  that  increasing  the  heat  transfer  coefficient  of  the  emitter  contact 
to  10~5W/(I<  e.g.  by  thick  airbridges  or  flip-chip  mounting  on  a  heatsink,  can  markedly  improve 

the  thermal  behaviour  of  power  HBTs.  ,  ,  , 

Future  work  in  this  area  will  have  to  be  directed  towards  experimental  verification  of  the  contact  heat 
transfer  coefficients,  as  well  as  establishing  an  electro-thermal  feedback  mechanism  into  the  framework  of 
our  simulations. 
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ABSTRACT 


A  new  three-terminal  resonant  tunneling  transistor  is  realized  by  the  molecular  beam 
epitaxial  cleaved  edge  overgrowth  technique  in  GaAs/AlGaAs  system.  In  addition  to  nega¬ 
tive  differential  resistance,  this  device  exhibits  both  positive  and  negative  transconductance 
behavior  which  can  find  useful  applications  in  high  speed  logic  circuits. 


I.  INTRODUCTION 

Three-terminal  resonant  tunneling  devices  can  provide  many  useful  applications  in 
future  electronics.  Over  the  years,  this  motivated  many  researchers;  different  resonant 
tunneling  transistors  were  proposed[l,  2,  3]  and  some  such  new  devices  have  been  ex¬ 
perimentally  realized[4,  5,  6].  Most  of  the  work  on  resonant  tunneling  has  been  on  bulk 
devices  where  three-dimensional  electrons  tunnel  through  the  subbands  of  a  quantum  well. 
Luryi  et  al.  first  proposed  a  novel  three-terminal  resonant  tunneling  transistor  in  which 
two-dimensional  electrons  tunnel  through  the  subbands  of  a  quantum  wire[l].  In  this 
structure,  unlike  bulk  resonant  tunneling  devices,  tunneling  current  can  be  controlled  by 
a  gate. 


We  have  realized  this  three-terminal  resonant  tunneling  device,  which  we  dubbed 
the  surface  resonant  tunneling  transistor  (SRTT),  by  using  the  molecular  beam  epitaxial 
(MBE)  cleaved  edge  overgrowth  technique.  The  device  exhibits  negative  and  positive 
transconductance  as  well  as  negative  differential  resistance  (NDR).  SRTT  can  find  useful 
applications  in  future  ultra  large  scale  integration  (ULSI)  and  can  be  a  potential  alternative 
to  current  CMOS  technology. 


II.  GROWTH  AND  FABRICATION 

Fabrication  of  SRTT  requires  two  crystal  growth  sequences.  First,  a  double  barrier 
structure  is  grown  by  standard  MBE  on  a  semi-insulating  (001)  GaAs  substrate  with  the 
following  parameters:  8000  A  n^-GaAs  contacting  layer  (Si-doped  to  4  x  10  cm  ),  1.5  p.m 
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undoped  GaAs  spacer  layer,  70  A  Alo.4Gao.6As  barrier,  90  A  GaAs  well,  75  A  Alo.4Gao.6As 
barrier,  1.5  \im  undoped  GaAs  spacer  layer,  and  4000  A  n+-GaAs  top  contact  layer  (Si- 
doped  to  4  x  1017cm-3).  Tben,  4  ram  x  8  mm  size  pieces  from  this  wafer  are  loaded  back 
to  the  MBE  chamber  for  the  second  growth.  Substrates  are  cleaved  in  the  MBE  chamber 
a  few  seconds  before  the  growth.  The  second  growth  on  the  (110)  surface  consists  of  20  A 
AlAs  and  250  A  Alo.3Gao.7As  undoped  spacer  layers,  a  300  A  Alo.3Gao.7As  layer  containing 
ten  equally  spaced  Si  delta  doping  layers  with  a  doping  concentration  of  1  x  1012cm-2  , 
and  a  60  A  GaAs  cap  layer.  We  grew  at  a  lower  temperature,  T  =  480  C,  and  at  high 
arsenic  beam  equivalent  pressure,  P  =  2  x  10-5  Torr ,  which  has  been  shown  to  give  a 
better  quality  of  growth  on  (110)  GaAs  surface[7]. 

The  sample  structure  of  SRTT  is  schematically  shown  in  Fig.  1.  Ohmic  contacts  to 
the  top  and  bottom  contacting  layers,  to  be  called  source  and  drain  in  the  rest  of  the 
paper,  are  done  by  alloying  AuGeNi  and  InSn  metals,  respectively.  Subsequently,  100  A  Ti 
is  evaporated  on  the  overgrown  surface  to  serve  as  a  gate.  The  channel  width  of  the  device 
is  300  fj,m.  We  also  fabricated  a  two-terminal  control  device  with  no  gate  for  comparison. 

III.  RESULTS  AND  DISCUSSIONS 

Fig.  2  shows  the  I-V  characteristics  of  the  two-terminal  control  device.  The  device 
exhibits  nonlinear  I-V  including  multiple  NDR  regions.  Sizes  and  positions  of  the  features 
are  consistent  with  the  picture  of  resonant  tunneling  of  two-dimensional  electrons  through 
the  subbands  of  a  quantum  wire. 

I-V  characteristics  of  SRTT  measured  at  T  =  4.2  K  are  shown  in  Fig.  3  (a)  for 
common-source  configuration.  In  addition  to  NDR  the  device  exhibit  negative  transcon¬ 
ductance.  In  the  saturation  regime,  drain  current  first  increases,  then  decreases,  and  then 
increases  again  with  increasing  gate-source  voltage,  Vos •  This  negative  transconductance 
behavior  is  more  clearly  seen  in  the  data  of  Fig.  3  (b).  As  indicated  by  the  arrows,  the 
transconductance  actually  exhibits  more  than  one  dip  as  a  function  of  Vqs- 

This  negative  transconductance  behavior  can  be  explained  in  two  ways.  Firstly,  in  the 
saturation  regime,  voltage  drop  on  the  double  barrier  depends  on  the  voltage  at  the  pinch- 
off  point  which  is  only  a  function  of  gate  voltage.  In  this  way,  by  just  changing  the  gate 
voltage,  we  can  achieve  resonance  condition  and  resonances  from  the  different  subbands  of 
the  quantum  wire  would  lead  to  the  features  observed  in  the  transconductance  data  of  Fig.  2 
(b).  Secondly,  gate  voltage  causes  a  fringing  electric  field  between  two-dimensional  electron 
layers  and  the  quantum  wire  which  can  also  lead  to  negative  transconductance  behavior [1]. 
For  this  particular  device,  in  the  saturation  regime,  the  negative  transconductance  behavior 
is  mainly  due  to  the  former  effect. 
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In  conclusion,  we  have  fabricated  a  new  resonant 
ative  and  positive  transconductance  behavior. 


tunneling  transistor  exhibiting  neg- 
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Figure  3:  (a)  Io-Vos  characteristics  for  common-source  configuration  at  T  =  4.2  K.  The 
curves  are  given  for  VGs  changing  from  0.01  V  to  0.4  V  with  even  increments  of  0.03 
V.  (b)  Transconductance  versus  Vcs  in  the  saturation  regime  for  Vos  —  0.4  V. 
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Figure  1:  Schematic  cross-sectional  diagram  of  SRTT  (not  to  scale). 
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Figure  2:  Current  versus  voltage  for  the  two-terminal  control  device  at  T  =  4.2  K. 
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Abstract:  —  We  have  studied  electron  transport  in  a  variety  of  doped  and  modulation-doped 
InGaAs/AlInAs  quantum  wells  within  the  context  of  FET  performance  in  devices  fabricated 
from  the  same  structures.  Electron  velocities  in  the  structure  were  characterized  using  Hall, 
geometric  magnetoresistance,  and  high-frequency  velocity-field  measurements.  Peak  veloci¬ 
ties  of  1.5  x  107  cm/s  were  measured  for  various  delta-doped  wells,  while  a  peak  velocity  of 
2.0  x  107  cm/s  was  measured  for  the  MOD  FET  structure.  The  effect  of  various  well  widths 
on  the  transport  characteristics  was  also  studied.  FETs  with  1.8^m  gate  lengths  and  uni¬ 
formly  doped  channels  had  transconductances  of  267  mS/mm  while  the  MODFET  had 
§m=  338  mS/mm.  MODFETs  with  0.5  /am  gates  yielded  gm  =  590  mS/mm.  In  general,  device 
performance  was  well  correlated  to  the  peak  electron  velocity  and  only  somewhat  correlated 
to  the  low-field  mobility. 

Introduction 

I  he  InGaAs/AlInAs  quantum  well  system  is  of  considerable  interest  due  to  its  suitability  for 
high  speed  transistor  applications  and  for  long  wavelength  opto-electronic  applications.  The 
advantages  of  this  material  system  over  other  material  systems  such  as  the  GaAs/AlGaAs 
system  include  higher  electron  mobilities,  higher  peak  electron  velocities,  larger  gamma-L 
valley  separation,  and  a  larger  conduction  band  discontinuity  at  the  heterojunction.  Cur¬ 
rently,  pseudomorphic  InGaAs/AlInAs  Modulation  Doped  Field  Effect  Transistors 
(MODFETs)  grown  on  InP  hold  most  FET  performance  records  [1],  However,  the 
MODFET  structure  has  several  drawbacks.  These  include  deep  traps  in  the  AlInAs  donor 
layer  [2]  and  an  upper  limit  on  the  number  of  carriers  that  can  be  induced  into  the  channel 
for  transport. 


I  hese  problems  can  be  avoided  by  introducing  the  dopants  directly  into  the  quantum  well. 
Doped-channel  FETs  are  viewed  as  promising  devices  and  have  recently  attracted  consider¬ 
able  attention  [3-6].  Heavily  doping  the  channel,  of  course,  degrades  the  low-field  mobility 
of  the  structure.  As  device  sizes  continue  to  shrink  into  the  deep  sub-micron  regime,  how¬ 
ever,  the  importance  of  low-field  transport  is  minimized  due  to  more  of  the  channel  being  a 
region  of  very  high  electric  fields  [7]. 
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In  this  paper  vve  study  electron  transport  in  bulk  InGaAs,  in  doped  InGaAs/AlInAs  quan¬ 
tum  wells,  and  in  InGaAs/AlInAs  modulation-doped  heterostructures.  The  effects  of  various 
doping  profiles  and  well  widths  on  electron  transport  and  transistor  performance  are  inves¬ 
tigated. 

All  structures  are  grown  lattice  matched  on  InP.Fe  substrates  using  gas-source  MBE.  Each 
quantum  well  structure  consists  of  a  400-A  back  Al^In^As  barrier  layer,  an  n-doped 
InGaAs  quantum  well,  a  250-A  AlInAs  gate  layer,  and  a  50-A  n+  In0  52Ga0  47As  layer  to 
facilitate  ohmic  contact  formation  (see  Figure  1).  To  study  the  effect  of  the  doping  profile 
on  electron  transport  and  transistor  performance,  structures  with  300-A  quantum  wells  were 
grown  with  both  uniform  and  delta-doping  profiles.  The  position  of  the  delta-doping  is  lo¬ 
cated  either  at  the  center  of  the  well  (center  delta-doped),  50-A  from  the  top  of  the  well  (top 
delta-doped),  or  50-A  from  the  bottom  of  the  well  (back  delta-doped).  To  investigate  the 
effect  of  well  width  on  performance,  center  delta-doped  quantum  wells  were  grown  with  well 
widths  of  150-A,  75-A,  and  40-A.  Finally,  a  delta-doped  MODFET  structure  was  grown  by 


50  A  n+  InGaAs 
250  A  Undoped  AlInAs 


InGaAs  Transport  Layer 


400  A  undoped  AlInAs 


S.l.  InP  Substrate 


Figure  I.  :  Schematic  of  the  structures  used  for  velocity-field  measurements  and  transistors. 
The  InGaAs  quantum  well  width  and  doping  profile  were  varied. 
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Figure  2.  :  Electron  velocities  measured  in  bulk  n-Ino.53Gao.47As  and  bulk  n-GaAs.  The 
InGaAs  sample  clearly  demonstrates  superior  low-field  mobility  and  peak  electron 
velocity.  Both  samples  arc  doped  3  x  10if’  cirT  3. 


moving  the  delta-doping  from  the  quantum  well  into  the  top  AllnAs  layer.  In  this  case,  the 
thickness  of  the  spacer  layer  between  the  delta-doping  and  the  top  of  the  300- A  well  is  50-A. 

Transport  Results 

Electron  transport  in  these  structures  was  characterized  using  low-field  mobility  measure¬ 
ments,  microwave  measurements,  and  when  appropriate,  geometric  magnetorcsistance 
(GMR)  measurements  [8],  Low-field  mobilities  were  measured  as  a  function  of  temperature 
using  the  van  dcr  I’auw  technique.  At  higher  electric  fields,  domain  formation  occurs  and 
electron  velocities  can  not  be  accurately  measured  using  dc  techniques.  Therefore,  a  micro- 
wave  measurement  technique  was  used  to  characterize  high-field  transport.  This  technique 
utilizes  a  large  35  GHz  sinusoidal  field  superimposed  on  a  small  dc  field  as  described  in  ref¬ 
erence  [9].  Previously  this  technique  has  been  used  to  measure  electron  velocities  in  bulk 
GaAs,  in  modulation  doped  GaAs/AlGaAs  heterostructures,  and  in  lightly  doped 
GaAs/AlGaAs  quantum  wells  [10].  Figure  2  shows  a  comparison  between  measured 
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electron  velocities  in  hulk  n-InGaAs  and  hulk  n-GaAs  control  samples.  The  samples  were 
doped  3.0  x  ID16  cm  \  1'hc  InGaAs  sample  had  a  low  field  mobility  of  8097  cm2/Vs  and  a 
peak  electron  velocity  of  2.0  x  107  cm/s,  while  the  GaAs  sample  had  a  low  field  mobility  of 
5260  cm2/ Vs  and  a  peak  electron  velocity  of  1.7  x  107  cm/s.  Clearly,  the  InGaAs  demon¬ 
strates  both  superior  mobility  and  peak  electron  velocity. 

To  evaluate  the  effect  of  various  doping  profiles  on  electron  transport,  four  300-A  quantum 
well  structures  with  2-DHG  concentrations  of  2  x  1012  cm'2  were  compared:  uniformly 
doped,  top  delta-doped,  center  delta-doped,  and  back  delta-doped.  Due  to  the  increased 
overlap  of  their  electron  wavefunction  with  the  ionized  impurities,  all  of  the  delta-doped 
samples  had  lower  mobilities  than  the  uniformly  doped  sample:  ~3500  cm2/Vs  as  compared 
to  4059  cm2/ Vs  (at  300  K).  Of  the  delta-doped  structures,  the  back-doped  sample  had  the 
lowest  mobility  of  3050  cm2/Vs.  This  is  attributed  to  the  additional  scattering  from  the  in¬ 
ferior  quality  of  the  inverted  interface.  We  also  note  that  due  to  the  degenerate  doping  levels, 
none  of  the  samples  demonstrated  carrier  frcez.e-out  at  low  temperatures.  Most  samples  had 
mobility  maxima  at  temperatures  around  77  K. 

The  center  and  the  back  delta-doped  samples  had  a  peak  electron  velocity  of  ~  1.5  x  107 
cm/s.  The  back  delta-doped  and  the  uniformly  doped  samples  had  slightly  lower  peak 
electron  velocities  of  1.4  x  107  cm/s  (see  Figure  3).  Previous  transport  measurements  on 
lightly  doped  GaAs  quantum  wells  had  indicated  that  the  peak  electron  velocity  in  center 
delta-doped  quantum  wells  could  greatly  exceed  that  observed  in  uniformly  doped  quantum 
wells  [10].  This  is  due  to  a  decrease  in  the  ionized  impurity  scattering  probability  as 
electrons  leave  the  ground  state  and  populate  the  first  excited  state  of  the  quantum  well. 
Due  to  the  much  higher  sheet  electron  concentration  present  in  actual  transistor  structures, 
this  effect  is  largely  masked,  and  we  observed  only  a  slight  enhancement  in  peak  electron 
velocity.  'I  he  peaks  in  the  velocity-field  curves  of  the  various  structures  occurred  at  various 
fields  in  accordance  with  the  samples  low-field  mobility.  Samples  with  lower  low-field  mo¬ 
bilities  required  significantly  higher  electric  fields  to  achieve  the  same  peak  electron  velocities 
as  the  higher  mobility  samples  (5.8  kV/cm  compared  to  3.8  kV/cm). 

As  the  well  width  was  decreased  from  300-A  to  40-A,  we  observed  a  monotonic  decrease  in 
mobility  (  Mobility  (40-A)  =  1232  cm2/Vs  )  and  a  similar  decrease  in  peak  electron  velocity 
(0.89  x  107  cm/s). 

The  MODFHT  structure,  while  having  excellent  low  field  mobility  (9411  cm2/Vs)  reached  a 
peak  electron  velocity  of  only  2  x  107  cm/s  at  a  field  of  2  kV/cm.  This  peak  value  is  in  good 
agreement  with  that  measured  by  Hong  ct.  al.  [11]  using  a  pulsed  current-  voltage  technique. 
While  this  velocity  is  higher  than  that  of  the  doped  quantum  wells,  it  is  considerably  less  than 
the  value  expected  from  undoped  InGaAs.  We  measure  the  peak  velocity  in  a  moderately 
doped  (3  x  1016  cm  3)  bulk  InGaAs  sample  to  be  2.6  x  107  cm/s.  This  result  indicates  that 
the  primary  factor  limiting  the  velocity  of  electrons  in  MODFETs  is  the  real  space  transfer 
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Figure  3.  :  Electron  velocities  in  300  A  thick  quantum  wells.  The  eloping  profiles  in  the 
well  were  uniform,  top  delta-  doped,  center  delta-doped,  or  back  delta-doped.  A 
MODEET  structure  is  also  included. 


of  electrons  from  the  InGaAs  gamma  valley  into  the  gamma  valley  of  the  AlInAs  barrier 
layers.  GMR  measurements  were  also  performed  on  the  MOD  PET  structure.  These  results 
were  found  to  be  in  good  agreement  with  the  low-field  microwave  data. 

Transistor  Fabrication  and  Results 

Transistors  with  a  gate  length  of  1.8  gm  were  fabricated  under  similar  conditions  using 
standard  photolithography.  First  AuGc/Au  metalizations  were  deposited.  After  lift-off,  the 
contacts  were  annealed  to  become  ohmic.  This  was  followed  by  mesa  isolation  using  a 
I I3PO4 :  II2()2:  II20  (1  :  1  :  38)  etch.  Next,  the  gate  recesses  were  formed  using  a  selective 
etch  of  citric  acid  :  I120  (1  :  1)  [12].  Finally,  Ti/Au  gates  were  deposited  (using  electron  beam 
evaporation)  and  lifted  off. 

All  structures  exhibited  excellent  I-V  curves  with  complete  pinch-off  and  good  output 
conductances  .  Shown  in  Figure  4  is  a  typical  family  of  curves  for  a  300-A  uniformly  doped 
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Drain  Voltage  (V) 


Figure  4.  :  PET  characteristics  at  300  K  for  a  device  with  I,g=  1.8/xtn.  The  active  channel 
is  a  300- A  doped  InGaAs  quantum  well  lattice  matched  to  InP.  Gate  voltages 
range  from  0.0  to  -1.6  V  in  -0.2  V  increments. 


quantum  well  FFT.  Table  1  contains  the  low-field  mobility,  peak  electron  velocity,  extrinsic 
transconductancc,  output  conductance,  and  saturation  current  (gate  unbiased)  for  all  of  the 
300-A  quantum  well  structures.  As  can  be  seen,  the  MODFFT  structure  displayed  the 
highest  transconductancc.  However,  the  magnitude  of  the  increase  in  the  transconductancc 
of  the  MODFFT  over  the  doped  channel  structures  is  much  less  than  that  expected  from  a 
comparison  of  the  low  field  mobility  data.  Rather,  the  increase  corresponds  much  more 
closely  with  the  increase  observed  in  the  peak  electron  velocity. 

Of  the  doped  quantum  well  structures,  the  uniformly  doped  well  had  slightly  higher 
transconductancc  than  the  others  but  with  lower  current  levels.  We  attribute  the  higher 
transconductance  to  superior  modulation  of  the  carriers  by  the  gate,  while  the  lower  current 
levels  are  a  result  of  the  slightly  inferior  high  field  transport  properties.  It  should  be  noted 
however,  that  preliminary  results  on  sub-micron  (0.5  /rm)  devices  indicate  that  as  gate  lengths 
arc  reduced,  the  delta-doped  wells  demonstrate  both  higher  current  levels  and  higher 
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transconductanccs  than  the  uniformly  doped  wells  (446  mS/mm  compared  to  315mS/mm) 

[13]. 
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I  able  I.  Samples  with  300A  InGaAs/AIFnAs  quantum  wells  with  various  doping  profiles. 

In  general,  the  position  of  the  delta-doping  in  the  quantum  well  had  little  effect  on  transistor 
performance.  The  exception  to  this  was  the  back  delta-doped  structure.  As  the  distance 
between  the  gate  and  the  delta-doping  increased,  a  corresponding  loss  of  control  of  the  gate 
over  the  carriers  results  in  lower  transconductanccs.  Also,  placing  the  dopants  close  to  the 
inverted  interface  degraded  the  ability  of  the  device  to  totally  pinch-off.  It  is  possible  that 
this  leakage  current  through  the  back  interface  could  be  reduced  by  replacing  the  400-A 
InGaAs  layer  with  a  low  temperature  buffer  layer  [14]. 
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Fable  2.  Samples  with  center  delta-doped  InGaAs  quantum  wells. 

As  the  quantum  well  width  was  reduced  from  300-A  to  40-A,  we  sec  a  sharp  decrease  in  the 
transconductance  from  230  mS/mm  to  126  mS/mm.  The  drain  saturation  current  (for  Vg 
=  0)  also  dropped  drastically  from  6.0  mA  to  0.88  mA  (see  Table  2).  Bahl  et.  al.  observed 
a  similar  decrease  in  gm  and  ID  sat  in  their  study  of  the  effect  of  well  width  on  breakdown 
voltage  [15],  Several  factors  arc  responsible  for  this  decrease.  First,  as  the  quantum  well 
width  is  reduced,  the  scattering  probability  between  the  electrons  and  the  ionized  impurities 
increases.  Also,  scattering  due  to  any  roughness  at  the  heterojunction  interfaces  will  become 
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more  important.  Second,  we  observed  an  apparent  decrease  in  the  number  of  carriers 
available  for  transport.  Although  the  dopant  concentration  remained  constant,  the  measured 
2-DBG  concentration  dropped  from  2.5  x  ID12  cm  2  for  the  300-A  well  to  1.6  x  IO12  cm' 2 
for  the  40-A  quantum  well.  This  is  explained  by  the  increased  separation  in  energy  between 
the  donor  levels  and  the  allowed  states  in  the  well  as  the  width  of  the  well  is  reduced.  Also, 
parallel  conduction  in  the  AIlnAs  layers  occurs  due  to  the  electron  wavcfunction  penetrating 
into  the  Alin  As  barrier  layers.  One  additional  problem  associated  with  the  narrower  quan¬ 
tum  wells  is  that  of  contacting  them  electrically.  As  the  well  width  decreased  from  300-A  to 
40-A,  the  contact  resistance  increased  from  0.3  ohm-mm  to  1.3  ohm-mrn.  This  contact  re¬ 
sistance  is  the  resistance  to  electrically  contact  the  conducting  well.  After  the  ohmic  contacts 
were  formed,  we  selectively  etched  away  the  top  n+  InGaAs  layer.  The  resistance  was  then 
measured  using  the  standard  transmission  line  model  (TLM). 

Conclusion 

We  have  studied  the  effect  of  various  doping  profiles  and  quantum  well  widths  on  electron 
transport  and  transistor  performance.  We  find  that  while  the  doping  profile  has  a  strong 
impact  on  low  field  mobility,  the  peak  electron  velocity  in  each  of  the  doped  300-A  wells  is 
very  close  to  1.5  x  107  cm/s.  The  MODFFT  structure,  while  demonstrating  superior  low-lield 
transport,  did  not  reach  the  high-field  peak  velocity  expected  from  bulk  InGaAs  measure¬ 
ments.  Rather,  its  peak  value  was  limited  by  real  space  transfer  into  the  AIlnAs  layers. 

For  1.8/tm  gate  length  transistors,  the  MODI  FT  structure  offers  slightly  better  performance 
than  the  doped  quantum  well  structures.  In  general,  transistor  performance  followed  the 
trends  predicted  by  the  transport  data.  The  exception  to  this  was  the  better  than  expected 
performance  of  the  uniformly  doped  quantum  well  structure.  Preliminary  results  on  sub¬ 
micron  devices,  however,  indicate  that  the  superior  performance  of  this  structure  disappears 
as  gate  lengths  enter  the  sub-micron  region.  In  general,  the  position  of  the  delta-doping  had 
little  effect  on  transistor  performance.  Reducing  the  width  of  the  quantum  well  strongly 
degraded  both  transport  and  transistor  performance. 
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INTRODUCTION 

There  is  a  great  need  for  electron  sources  for  a  variety  of  applications,  such  as 
klystrons,  Traveling  Wave  Tubes  (TWTs),  planar  panel  displays,  vacuum  triodes,  etc.. 

The  cold  cathode  electron  emitters  under  investigation  currently  can  be  basically  divided 
into  two  types:  field  emitters  and  planar  emitters.  Field  emitters  are  based  on  the  field 
emission  mechanism  which  was  first  presented  by  Fowler  and  Nordheim  in  1928  •  A  field 
emitter  can  be  basically  described  as  a  triangular  tip  which  can  be  made  from 
semiconductors  or  metals  by  deposition  and  micro-fabrication  techniques  as  shown  in  Fig. 
1.  When  a  positive  bias  is  applied  to  the  anode  which  is  placed  very  close  to  the  tip  which 
is  grounded,  a  very  high  electric  field  could  be  established  at  the  tip  so  that  electrons  inside 
the  semiconductors  or  metals  would  have  considerable  probability  to  tunnel  through  the 
vacuum  barrier  and  be  collected  by  the  anode.  Extensive  research  has  been  done  to 
fabricate  reliable  field  emitter  arrays  with  high  emission  current  density,  and  various  types 
of  the  field  emitters,  including  the  vertical  and  the  lateral  types,  have  been  developed  so  far 
with  great  success.  Microwave  amplifiers  and  flat  panel  displays  based  on  field  emitter 
arrays  have  also  been  reported  recently2’3’4.  The  main  challenges  which  field  emitters  are 
facing  are  uniformity  and  reliability.  The  former  is  due  to  their  sensitivity  to  fabrication 
processes,  and  the  latter  is  due  to  the  ion  bombardment  of  the  residual  gases  under 
operation  which  has  been  reported  by  many  researchers. 

In  planar  emitters,  electrons  are  accelerated  inside  solid  state  materials  by  internal 
electric  field.  Those  electrons  which  reach  the  surface  with  enough  kinetic  energy  to 
overcome  the  surface  work  function  could  be  emitted  into  vacuum  as  shown  in  Fig.  2.  A 
lot  of  work  has  been  done  in  this  area  and  many  planar  emitters  based  on  different  hot 
electron  generation  mechanisms  have  been  described  in  the  past  30  years.  To  obtain 
considerable  emission  efficiency  and  current  density,  the  solid  state  surface  is  usually 
coated  with  low  work  function  material  (on  the  order  of  one  mono-layer),  such  as  cesium 
and  cesium  oxide. 

This  paper  reviews  the  development  of  planar  cold  cathodes  and  discusses  the 
characteristics  of  AlGaAs/GaAs  planar-doped-bairier  electron  emitters  (PDBEEs)  based  on 
the  study  of  their  temperature  dependent  current-voltage  (I-V)  characteristics. 

HISTORICAL  PERSPECTIVE 

Since  1960,  several  types  of  planar  cold  cathode  electron  emitters  have  been 
demonstrated.  Some  of  them  showed  very  promising  results  and  are  still  under 
investigation  today. 

1.  Tunneling  electron  emitters 

Mead5  reported  his  experiments  on  tunneling  emission  using  a  metal-msulator-metal 
structure  based  on  his  finding  of  tunneling  of  electrons  occurring  at  a  metal-insulator 
interface  when  a  high  electric  field  is  present  within  the  insulator6.  Shortly,  several  groups 
reported  their  emission  from  tunneling  emitters 7’8’9.  However,  the  results  were  not  very 
encouraging.  The  emission  current  density  and  efficiency  were  too  low  for  practical 
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application,  and  the  emission  was  not  stable  and  reproducible,  mainly  because  the 
fabrication  techniques  were  inadequate  to  form  high  quality  ultra-thin  metal  and  insulator 
layers  at  that  time.  Recently,  Yokoo  et  al.10  reported  electron  emission  from  Si-Si02-metal 
structures  with  an  efficiency  of  0.7%.  But,  the  emission  current  density  is  low  and  the 
deterioration  of  the  oxide  at  high  fields  results  in  poor  stability  of  the  emitters. 

2.  Negative-electron-affinity  (NEA)  electron  emitters 

A  report  by  Scheer  and  Laar11  demonstrated  that  the  work  function  could  be  below 
the  edge  of  the  conduction  band  of  a  cesiated  p-type  GaAs.  Several  electron  emitters  based 
on  this  negative  electron  affinity  were  then  proposed.  The  use  of  a  Schottky  barrier  at  a 
metal-semiconductor  contact  to  inject  electrons  through  a  thin  metal  film  was  first  proposed 
by  Atalla12  and  electron  emission  from  such  a  structure  has  been  reported  by  using  cesiated 
ZnS/Pt13  and  ZnS/Pd14. 

Negative-electron-affinity  (NEA)  cold  cathodes  which  consist  of  a  forward  biased  p-n 
junction  with  a  cesiated  surface  were  proposed  by  Geppert15,  and  has  been  demonstrated 
from  GaAs16’17’18,  Si19’20,  GaAsP21*22,  and  GaP23>24.  An  efficiency  o  f  4%  and  an 
emission  current  density  of  over  1  A/cm2  have  been  reported25*26.  Several  designs  of 
vidicon-type  tubes  have  also  been  demonstrated27.  However,  they  usually  suffered  from 
operational  instability  and  Short  life  time  mainly  due  to  the  loss  of  the  activation  material 
from  NEA  surface.  Although  some  improvements  have  been  made  to  stabilize  the 
activation  material28,  to  the  best  of  author's  knowledge,  devices  based  on  NEA  cold 
cathodes  have  not  reached  practical  applications. 

3.  Si  and  GaAs  Avalanche  electron  emitters 

In  1957,  Burton29  reported  his  observation  of  electron  emission  from  a  Si  p-n 
junction  reverse- biased  into  avalanche  breakdown.  The  electron  emission  he  described  was 
from  a  cesiated  cleavage  surface  which  intersects  the  p-n  junction.  Following  the  discovery 
of  Burton,  a  lot  of  work  has  been  done  to  look  into  the  characteristics  of  this  new 
phenomenon30*31*22.  Besides  silicon,  silicon  carbide  (SiC)  was  also  investigated33. 
However,  all  those  early  works  didn't  lead  to  any  practical  applications  because  of  the  low 
emission  efficiency,  low  current  density  and  poor  reproducibility.  Not  too  much  progress 
was  made  in  the  1970's  until  Van  Gorkom  and  Hoeberechts  at  Philips  Research 
Laboratories34  demonstrated  their  cesiated  Si  avalanche  cold  cathodes  (SACCs)  with  the 
help  of  modem  semiconductor  technologies.  After  continuous  research  of  more  than  ten 
years,  the  state  of  art  silicon  avalanche  cold  cathodes  can  emit  electrons  into  vacuum  with 
efficiency  of  1  to  8  %  and  current  densities  of  300  to  3000  A/cm2  35  Small  experimental 
TV  tubes  using  silicon  avalanche  cold  cathodes  have  also  demonstrated36  37.  Emission 
from  non-cesiated  silicon  avalanche  cold  cathodes  has  been  reported  with  a  much  lower 
efficiency  on  the  order  of  l(f5  38’39,  van  Zutphen40  applied  same  device  structure  to  GaAs 
and  reported  emission  with  an  efficiency  of  l.lxlO-6  (non-cesiated  surfaces). 

PLANAR-DOPED  BARRIER  ELECTRON  EMITTERS  (PDBEEsI 

Recently,  we  reported  electron  emission  from  GaAs41  and  AlGaAs  PDBEEs42.  A 
planar-doped-barrier  (PDB)  structure  basically  consists  of  n+-undoped  (/)-n+  layers  with  a 
p-type  delta-doped  layer  inserted  within  the  undoped  region  giving  rise  to  a  triangular 
barrier  structure  as  shown  in  Fig.  3.  When  a  positive  bias  is  applied  to  the  surface  (the 
back  is  grounded),  the  p-i-n  junction  on  the  right  of  the  barrier  (acceleration  region)  is 
reversed-biased  first  until  the  acceptors  of  p+  layer  are  fully  ionized  (if  they  are  not  fully 
ionized  under  equilibrium),  much  like  a  reach-through  transistor43  After  the  reach-through 
point,  any  further  bias  is  distribute  between  two  junctions  so  that  the  p-i-n  junction  on  the 


IV-1 

280 


.  left  of  the  barrier  (injection  region)  is  forward-biased  and  the  acceleration  region  is  further 
reverse-biased.  Electrons  are  then  injected  over  the  triangular  barrier  into  the  high  field 
acceleration  region  and  accelerated  towards  the  surface.  Electrons  gain  kinetic  energy  from 
the  field  and  lose  kinetic  energy  through  various  scattering  processes,  such  as  phonon 
scattering,  impact  ionization,  electron-electron  scattering,  etc..  Those  electrons  reaching 
the  surface  with  kinetic  energy  higher  than  the  work  function  can  be  emitted  into  vacuum. 

The  early  applications  of  PDB  diodes  were  based  on  their  unique  characteristics  of 
adjustable  barrier  heights  and  asymmetrical  rectifying  characteristics.  For  those 
applications,  PDB  structures  have  relative  low  barrier  heights  (less  than  the  half  of  the  band 
gap)  and  thick  undoped  regions  (on  the  order  of  thousand  Angstroms).  Experiments  have 
shown  that  the  current  across  those  PDB  diodes  are  governed  by  the  thermionic  emission 
over  the  triangular  barrier.  In  a  semi-log  plot,  I-V  curves  are  almost  straight  lines. 

Observed  non-linearity  of  the  I-V  curves  has  been  attributed  to  the  diffusion  of  carriers 
from  n+  layers  into  the  undoped  regions44. 

According  to  thermionic  emission  theory,  the  barrier  height  of  a  PDB  diode  can  be 
experimentally  determined  by  temperature  dependent  I-V  measurements.  However,  to  our 
surprise,  on  a  semi-log  plot,  the  I-V  curves  of  the  PDBEE,  which  was  the  first  reported 
GaAs  based  electron  emitter45,  are  weakly  dependent  on  temperature,  and  the  curves  are 
essentially  parallel  to  each  other  as  shown  in  Fig.  4.  A  negative  differential  resistance 
(NDR)  feature  at  low  bias  is  also  observed  at  low  temperature.  This  clearly  indicates  that 
the  carrier  transport  across  this  PDBEE  is  not  governed  by  the  thermionic  emission  but 
rather  by  other  mechanisms. 

TEMPERATURE  DEPENDENT  I-V  CHARACTERISTICS 

To  understand  the  electron  transport  across  PDBEEs,  which  is  essential  to  the 
understanding  of  device  performance,  a  systematic  study  on  the  temperature  dependent  I-V 
characteristics  of  PDB  diodes  has  been  carried  out.  The  diodes  under  investigation  have 
the  same  layer  and  doping  structure  as  listed  in  Table  I.  The  only  difference  among  them  is 
the  doping  density  of  the  p+  layer  which  is  listed  in  Table  II.  Different  from  real  PDBEEs, 
these  test  PDB  diodes  have  a  thicker  uniformly  doped  n+  layer  instead  of  a  very  thin  n+ 
channel  as  the  top  layer  in  order  to  exclude  the  possible  effects  caused  by  the  reflection  of 
electrons  at  the  surface. 

Fig.  5  shows  the  measured  temperature  dependent  I-V  characteristics  of  five  PDB 
diodes  listed  in  Table  I  and  II.  Among  them.  Fig.  5(c)  is  a  good  point  to  start  our 
discussion.  It  corresponds  to  a  p+  doping  density  of  8.4xl012  cm  2.  The  I-V  curves 
shown  in  this  figure  can  be  divided  into  three  regions:  (/)  a  low  bias  region  which  has  weak 
temperature  dependence  in  both  magnitude  and  slope,  (ii)  a  medium  bias  region  which  has 
a  strong  temperature  dependence  in  both  magnitude  and  slope,  and  (iii)  a  high  injection 
region  which  is  easily  recognized  as  a  resistive  region.  The  cross-over  voltage  ( V cross),  at 
which  regions  ( i )  and  (ii)  intersect,  increases  with  decreasing  of  the  temperature  as 
indicated  by  the  dashed  line  in  the  figure.  When  Z  increases  to  l.OxlO13  cnr2  as  shown  in 
Fig.  5(b),  region  (ii)  which  is  clearly  shown  in  Fig.  5(c)  can  be  barely  seen  and  the 
complete  I-V  characteristics  is  weakly  dependent  on  temperature.  In  addition  to  the  weak 
dependence  on  temperature,  there  is  a  NDR  feature  at  14  =  0.5  volts  which  becomes  more 
visible  at  low  temperature.  As  Z  increases  further  to  2.0xl013  cm-2,  I-V  curves  are  still 
weakly  dependent  on  temperature  and  the  NDR  feature  at  low  bias  becomes  more 
prominent  as  shown  in  Fig.  5(a).  On  the  other  hand,  when  Z  decreases,  Verms  shifts  to 
lower  bias  and  region  (ii)  becomes  more  dominant  as  shown  in  Figs.  4(d)  and  (e). 


A  schematic  band  diagram  of  a  PDB  diode  under  a  bias  of  Va  is  shown  in  Fig.  6. 
Several  possible  current  mechanisms  are  indicated  in  the  figure  as  arrows.  Jth  is  the 
thermionic  emission  term  over  the  triangular  barrier  (contributed  by  electrons  with  kinetic 
energy  larger  than  the  barrier),  Jfe  is  the  current  contributed  by  electrons  with  energy  less 
than  the  barrier  tunneling  through  the  triangular  barrier  (thermionic  field  emission),  Jbb  is 
the  tunneling  current  of  electrons  from  the  valence  band  to  the  unoccupied  states  in  the 
conduction  band  through  the  energy  gap  of  the  acceleration  region,  Jr  and  Jg  are  the 
recombination  and  generation  currents  in  forward  bias  and  reverse  bias  junctions 
respectively,  and  Jh  is  the  hole  diffusion  current.  From  simple  diode  theory46,  it  is  not 
difficult  to  find  out  that  Jh  and  Jg  are  less  important  in  the  PDB  diodes  under  investigation 
and  will  be  ignored  during  later  discussions. 

As  well  known,  thermionic  emission  currents  depends  strongly  on  temperature  with 
the  slope  of  semi-log  I- V  curves  inversely  proportional  to  temperature.  On  the  other  hand, 
tunneling  current  across  the  energy  gap  depends  weakly  on  temperature  both  in  the 
magnitude  and  slope.  This  suggests  that  the  current  transport  may  be  governed  by 
thermionic  emission  in  region  (ii)  and  by  tunneling  in  region  (i).  With  increasing  X,  the 
tunneling  component  (Jm>)  becomes  more  dominant  and  finally  the  complete  I-V 
characteristic  is  governed  by  the  tunneling  as  shown  in  the  Fig.  5(a).  On  the  other  hand, 
with  decreasing  X,  the  tunneling  becomes  less  important  and  eventually  the  carrier  transport 
will  be  dominated  by  thermionic  emission  (as  observed  in  earlier  PDB  diodes). 

To  obtain  a  quantitative  understanding  of  the  carrier  transport  across  the  PDB  diodes, 
a  simulation  which  takes  into  account  the  quantum  mechanical  transmission  probability 
through  the  barrier  and  tunneling  through  the  forbidden  energy  gap  has  been  carried  out. 
The  details  of  the  simulation  have  been  published  elsewhere47.  Fig.  7  shows  the  result  of 
the  simulation  for  diode  C  at  room  temperature  (300K).  The  open  squares  represent  the 
tunneling  current  (Jbb),  the  solid  squares  represent  the  transmission  current  ( J irons)  and  the 
solid  line  represent  the  thermionic  emission  current  (Jth).  It  is  very  clear  that  the  tunneling 
of  electrons  with  kinetic  energy  less  than  the  barrier  plays  an  important  role  in  carrier 
transport  even  at  room  temperature.  Since  Jth  is  almost  parallel  to  Jtrans,  the  transmission 
current  can  be  approximated  by  the  thermionic  emission  theory  with  a  lower  zero  bias 
barrier  height.  In  this  way,  we  can  still  label  the  region  for  V  >  Vcross  as  the  thermionic 
emission  dominated  region.  Fig.  8  shows  the  simulation  results  for  diode  C  at  different 
temperatures,  from  300K  to  100K.  The  solid  lines  are  simulation  results  and  open  squares 
are  experimental  results.  The  agreement  between  the  theory  and  experiment  is  very  good. 

It  is  now  clear  that  regions  (i)  and  (ii)  in  Fig.  5(c)  are  tunneling  and  thermionic 
emission  dominated  regions,  respectively.  The  cross-over  voltage  of  these  two  different 
currents  Vcross  depends  on  X  and  temperature.  For  diode  A,  resistive  region  is  reached 
before  reaching  the  cross-over  point,  and  carrier  transport  is  governed  by  tunneling  through 
the  band  gap.  For  diode  B,  Vcross  is  about  2.2  volts  at  300K  and  the  thermionic  emission 
region  can  be  barely  seen.  In  both  diodes  A  and  B,  a  NDR  feature  has  been  observed 
which  is  more  prominent  at  low  temperature.  It  can  be  explained  in  a  similar  way  to  the 
forward  characteristics  of  a  Esaki  diode48 

EMISSION  CHARACTERISTICS 


In  a  PDB  electron  emitter,  for  a  given  surface  work  function  and  transit  distance  (the 
distance  between  the  peak  of  the  barrier  to  the  surface),  the  emission  efficiency  is  basically 
dependent  on  the  maximum  kinetic  energy  electrons  can  gain  from  the  field.  Because 
electrons  tunneling  through  the  band  gap  of  the  acceleration  region  have  much  lower  kinetic 
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energy  than  those  injected  over  the  barrier,  the  emission  efficiency  will  be  low  if  the  earner 
transport  across  the  device  is  governed  by  the  tunneling.  Therefore,  it  is  essential  for  high 
performance  emitters  that  devices  should  be  operated  in  thermionic  dominated  region. 

A  direct  way  of  suppression  the  tunneling  current  Jbb  relative  to  the  thermionic 
emission  current  is  by  using  materials  with  larger  band  gap  than  GaAs,  since  tunneling 
probability  decreases  drastically  with  increasing  of  the  band  gap.  Fig.  9  shows  the 
temperature  dependent  I-V  characteristics  of  a  Alo.3Gao.7As  PDBEE  which  has  a  similar 
barrier  structure  to  the  GaAs  PDBEE49.  The  strong  temperature  dependence  of  its  I-V 
characteristics  indicates  that  the  carrier  transport  across  this  Alo.3Gao.7As  PDBEE  is 
governed  by  the  thermionic  emission.  Fig.  10  shows  the  emission  performances  of  two 
PDBEEs.  An  efficiency  of  1  %  and  an  emission  current  density  of  2.64  A/cm2  have  been 
obtained  from  the  Alo.3Gao.7As  PDBEE,  which  are  about  three  and  six  times  higher  than 
obtained  from  the  GaAs  PDBEE  with  a  similar  structure. 

As  described  earlier,  in  PDBEEs,  electrons  are  injected  into  a  high  field  region  which 
is  biased  below  the  avalanche  breakdown,  rapid  electron  thermalization  due  to  the  impact 
ionization  is  absent.  High  efficient,  high  emission  current  density  cold  cathodes  based  on 
PDB  structures  is  expected  by  using  materials  with  large  bandgap  and  reasonable  good 
transport  characteristics.  Electron  emission  without  cesiation  is  also  possible.  Possible 
materials  include  InGaAs/GaAs,  AlGaN,  etc.. 

SUMMARY 

A  systematic  study  on  the  temperature  dependent  I-V  characteristics  of  PDB  diodes 
with  high  accelerating  field  has  been  carried  out.  In  PDBEEs,  the  field  inside  the 
acceleration  region  is  high  so  that  electrons  tunneling  through  the  energy  band  gap  becomes 
an  important  mechanism  and  even  governs  the  carrier  transport  under  high  enough 
accelerating  field.  Since  electrons  tunneling  through  the  energy  band  gap  of  the 
acceleration  region  have  much  low  kinetic  energy  than  those  injected  over  the  barrier,  it  is 
very  important  to  operate  PDBEEs  in  the  thermionic  emission  region  to  obtain  high 
performance  electron  emitters.  High  efficient,  high  emission  current  density  cold  cathodes 
based  on  PDB  structures  is  expected  by  using  materials  with  large  bandgap  and  reasonable 
good  transport  characteristics.  Electron  emission  without  cesiation  is  also  possible  with  the 
use  of  large  bandgap  materials. 
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Table  I  Structure  of  PDB  diodes 


Layer 

Material 

Thickness 

Dopant 

Doping 

Channel* 

GaAs 

400nm 

Si 

5xl018cnr3 

GaAs 

15nmt 

Barrier 

Be 

see  Table  II 

GaAs 

25nmt 

Injector 

GaAs 

400nm 

Si 

5xl018cnr3 

*  We  have  used  the  term  of  Channel  to  name  the  top  n+  layer  in  real  PDBEEs 
t  These  are  designed  parameters.  The  real  dimensions  of  these  layers  may  be  different  from 
the  designed  ones  due  to  the  diffusion  and  segregation  of  Be  during  the  growth. 


Device  ID 

£  (xl012cnr2) 

A 

20.0 

B 

10.0 

C 

8.4 

D 

6.7 

E 

5.0 
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Current  Density  (A/cm2) 


Fig.  l 

Schematic  illustration  of  a  field  emitter 


Fig.  2 

Schematic  illustration  of  a  planar  emitter 


(b) 


p+-5  doped  sheet 


i 

f 

n+  injector 

□ 

i 

n+ 

channel 

vacuum 

i 

*  1-2 

(a) 

Fig.  3 

Schematic  diagram  of  a  PDBEE  showing 
(a)  layer  sequence,  (b)  band  diagram 
under  zero-bias,  (c)  band  diagram  under 
forward  bias 


Diode  Bias  Voltage  (V) 


Fig.  4  Temperature 
dependent  I-V  characteristics 


of  the  GaAs  PDBEE 
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Current  Density  (A/cm2)  Current  Density  (Acm 2)  Current  Density  (Acm'2) 


Diode  Bias  Voltage  (V) 


Fig.  5  Temperature  dependent  I-V 
characteristics  of  five  test  GaAs  PDB 
diodes,  with  the  p+  doping  density  of 
(a)  2xl013cnr2,  (b)  lxl013cnr2, 

(c)  8.4xl012cnr2  (d)  6.7xl012cnr2, 
and  (e)  5xl012cnr2. 
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Current  Density  (A/cm2) 


Fig.  6  Schematic  illustration  of  the  band 
diagram  under  forward  bias  showing 
possible  carrier  transport  mechanisms. 


Fig.  8  Comparison  between  the 
simulation  and  experimental  data  at 
different  temperatures.  The  open 
squares  are  experimental  data,  and  solid 
lines  are  simulated  results. 


(a) 


Fig.  7  Simulation  results  showing 
different  current  components  across 
the  test  PDB  diode  C. 


Fig.  9  Temperature  dependent  I-V 
characteristics  of  the  A10.3Ga0.7As 
PDBEE. 


Fie.  10  Emission  characteristics  of  the 
GaAs  and  A10.3Ga0.7As  PDB  EEs 
showing  (a)  emission  current  density  vs. 
diode  bias  and  (b)  emission  efficiency 
vs.  diode  bias. 
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Abstract 


Resonant  tunneling  bipolar  transistors  (RTBT's)  have  been  systematically  studied 
using  chemical  beam  epitaxy  (CBE)  for  the  first  time.  The  RTBT  structure  studied  is  a 
InP-based  transistor,  consisting  of  single  or  multiple  AlAs/In0  75 Gao  25As/A1As  RTD's  in 
the  emitter  layer  of  a  conventional  heterojunction  bipolar  transistor  (HBT)  and  an  InGaAs 
or  InGaAsP  collector  layer.  Using  the  InGaAsP  collector  layer,  the  RTBT  showed  an 
improvement  of  breakdown  voltage  from  4  V  to  10  V.  The  averaged  dc  P's  are  around  10 
and  20  at  300  K  and  77  K,  respectively.  In  the  transfer  I-V  characteristics,  the  RTBT 
showed  1  to  4  negative  differential  transconductance  (NDT)  peaks  with  peak-to-valley 
current  ratios  of  1.5  to  5.28  at  300K.  Using  such  NDT  peaks,  several  RTBT  digital 
functions  were  demonstrated  at  room  temperature,  including  a  frequency  multiplier  and 
exclusive  NOR  gate. 


I.  INTRODUCTION 


Resonant  tunneling  bipolar  transistors  (RTBT's)  [1],[2],[3]  have  attracted  a  great  deal 
of  interest  because  of  their  low  power  and  high  speed  capability  for  applications  in  digital 
circuits.  Using  the  resonant  tunneling  mechanism,  resonant  tunneling  transistors  (RTT's) 
have  negative  differential  transconductance  (NDT)  in  the  output  current,  which  offers  the 
possibility  of  greater  circuit  density,  higher  speed,  and  increased  number  of  logical 
functions  per  device  over  conventional  transistor  technology  [4],  For  example,  a  full  adder 
was  demonstrated  using  only  7  to  10  resonant  tunneling  hot  electron  transistors  (RHET's) 
[5]  at  cryogenic  temperature.  The  RTBT  s  studied  can  be  realized  at  room  temperature, 
which  provides  advantages  over  the  RHET's  and  hot  electron  transistors  (HET's). 

To  date,  there  has  been  few  investigations  of  RTBT's  using  CBE,  which  is  capable  of  growing 
P-containing  compounds  and  InP  lattice-matched  materials,  providing  materials  with  good 
transport  and  breakdown  characteristics.  For  example,  compared  to  GaAs,  InGaAs  is  a  better 
base  material  for  RTBT's  because  it  provides  less  surface  Fermi  level  pinning  to  reduce  the 
surface  depletion  depth  in  the  extrinsic  base  region,  and  it  also  has  a  larger  T  to  L  band 
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separation  (0.56  eV)  to  avoid  intervalley  scattering.  Using  InP  as  a  collector  material  also 
has  several  advantages  over  using  InGaAlAs  or  AlGaAs,  including  (1)  a  larger  F  to  L  band 
separation  (0.69  eV)  (2)  a  larger  saturation  velocity  (2.4  x  107cm/sec),  (3)  a  lower 
oxygen  reactivity  and  (4)  a  higher  chemical  etching  selectivity  over  InGaAs.  Furthermore, 
chemical  beam  epitaxy  (CBE)  is  capable  of  growing  P-containing  compounds  and  InP 
lattice-matched  materials  with  abrupt  heterointerfaces  for  resonant  tunneling  structures. 
Such  capabilities  do  not  exist  simultaneously  either  in  a  MBE  or  MOCVD  machine. 

The  purposes  of  this  study  are  to  demonstrate:  (1)  the  growth  capability  of  CBE  for 
RTBT's;  (2)  high  speed  and  high  breakdown  RTBT's  and  (3)  RTBT  digital  functions  for 
reducing  the  complexity  of  conventional  transistor  technology.  Therefore,  the  paper  starts 
from  a  brief  description  of  the  growth  optimization  of  resonant  tunneling  structures  using 
CBE.  After  the  growth,  a  novel  self-aligned  process  will  be  described  for  fabricating  the 
RTBT's  studied.  An  InGaAsP  collector  layer  is  used  to  increase  the  breakdown  voltage  of 
the  RTBT's.  Then  device  performance  will  be  reported  at  77  K  and  300  K,  respectively. 
Finally,  some  RTBT  digital  functions  at  room  temperature  are  discussed. 


II.  Experiments 

(a)  Material  growth 

The  semiconductor  samples  used  in  this  study  were  grown  by  using  an  Intevac 
(Varian)  Gen  II  Chemical  Beam  Epitaxy  (CBE)  reactor.  All  the  structures  were  grown  on 
(100)  Fe-doped  semi-insulating  InP  substrates  at  a  substrate  temperature  of  around 
500°  C.  The  substrates  were  prepared  using  a  standard  cleaning  procedure,  then  loaded 
into  the  CBE  reactor  for  growth.  The  source  materials  were  trimethylindium  (TMI), 
triethylgallium  (TEG),  trimethylamine  alane  (TMAA),  100%  phosphine  (PH3)  and  100% 
arsine  (AsH3)  for  the  Ino. 53^^  47 As,  InQ  75Gao  25AS,  1.1  pm  InGaAsP  lattice  matched 
to  InP  and  AlAs.  Si  and  Be  were  used  for  the  n-type  and  p-type  dopants. 

The  first  structure  grown  was  Ino^Gag  47As/AIAs/Ino.75Gao ^sAs/AIAs/Ino  53 
Gao47As  RTD  structure  to  optimize  the  growth  conditions  for  obtaining  reasonable 
PVR's  and  suitable  sub-band  energy  for  avoiding  T-to-L  intervalley  scattering.  Different 
growth  temperatures  and  growth  interrupts  were  studied.  It  was  found  that  (1)  high 
substrate  temperature  induced  indium  segregation  and  interface  roughness  problems, 
which  prevented  resonant  tunneling;  (2)  appropriate  growth  interrupts  stabilized  the  gas 
switching  sequences  and  smoothed  the  AlAs/Ino  jsGap  25AS/AIAS  highly  strained 
interfaces.  Furthermore,  using  hydride  drying  filters  could  reduce  the  oxygen 
incorporation  in  the  AlAs  barriers,  resulting  in  about  2  times  improvement  in  PVR  s  of  the 
RTD's  grown.  A  detailed  discussion  can  be  found  in  Ref.  [6], 

To  produce  multiple  resonant  tunneling  peaks  for  multistate  logic,  several  RTD's  were 
integrated  together  and  separated  by  a  500  A  n"*~  InGaAs  layer  to  decouple  the  RTD  s.  Then  the 
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multiple  RTD's,  including  barriers  and  wells,  were  uniformly  doped  at  5xlOl7cm‘3  to 
reduce  the  series  resistance  and  hysteresis  effects. 

To  increase  the  breakdown  voltage,  an  InGaAsP  layer  was  incorporated  into  the 
collector  of  the  RTBT.  The  quality  of  such  layer  is  critical  to  device  performance,  thus  1.1 
(im  InGaAsP  is  calibrated  for  good  surface  morphology,  mobility  and  lattice  matching. 
The  bulk  materials  calibrated  showed  good  qualities  from  X-ray  and  low  temperature  PL 
measurements.  The  double  crystal  X-ray  rocking  curve  of  a  typical  1.1  pm  InGaAsP 
indicated  clear  Pendellosung  fringes  and  lattice  matching  to  InP  within  70  arc  seconds  ( 
|Aa/  a|  <  2.6x  10"4).  The  PL  measurement  was  performed  at  18K,  showing  a  FWHM  of 
5.6  meV. 

After  optimization  of  RTD's  and  InGaAsP,  several  RTBT's  were  grown.  The  typical 
RTBT  structure,  as  shown  in  Fig.  1,  consists  of  single  or  multiple  RTD's  in  the  InGaAs 
emitter  layer  (5 x  10l7cm‘3),  an  InGaAs  base  doped  with  Be  (1.5  x  10l9cm'3),  and  an 
InGaAsP  or  InGaAs  collector  layer  (2  x  1016cm'3).  There  is  a  500  A  InGaAs  layer  between 
the  base  and  the  serial  RTD  regions  to  assure  the  potential  profiles  of  the  RTD's  are  the 
same  at  zero  bias  condition. 


4RTDs  InGaAs  InGaAsP 

Emitter  Base  Collector 

(a) 

Fig.  1  A  typical  InGaAsP  RTBT  structure. 
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(b) 

band  diagram;  (b)  material  structure. 


(b)  Device  fabrication  and  measurement 

The  RTBT's  were  fabricated  by  a  novel  self-aligned  process.  A  Ni/Ge/Au/Ti/Au  metal 
system  was  used  as  emitter/collector  contacts  and  a  Pd/Ge/Ti/Au  system  was  used  as  a 
shallow  ohmic  base  contact.  Selective  wet  etching,  succinic  acid,  was  adopted  for  base 
recess.  Moreover,  a  low  temperature  PECVD  Si02  was  deposited  for  interconnect 
dielectrics  and  for  preventing  the  lateral  conduction  of  emitter  mesa  and  base  metal. 
Finally,  base  mesa  etching  was  achieved  using  a  combination  of  RIE  and  chemical  etching 
to  avoid  undercut  and  damage.  A  typical  processed  RTBT  is  shown  in  Fig.  2. 
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Emitter 


4  RTDs-, 


InP  substrate 

Fig.  2  A  typical  processed  RTBT. 


Microwave  and  dc  measurements  were  performed  using  self-aligned  and  non  self- 
aligned  devices  at  77  K  and  300  K,  respectively.  For  demonstration  of  the  functionality  of 
RTBT's,  external  resistors  and  power  supplies  were  connected  to  the  device.  All  the 
digital  functions  were  obtained  at  room  temperature. 


III.  Results  and  discussion 
(a)  Sub-band  energy 

The  sub-band  energies  of  the  RTD  determine  the  electron  injection  energy  into  the 
base  of  a  RTBT.  Such  an  energy  should  be  large  enough  to  obtain  reasonable  current  gain 
and  should  be  smaller  than  the  upper  valley  energy  to  avoid  intervalley  scattering. 
Moreover,  in  order  to  make  the  RTBT's  and  RTD's  useful  for  circuit  applications,  high 
PVR's  are  required,  together  with  a  current  density  greater  than  104  A/  cm2 

Experimentally,  the  RTD  optimization  was  carried  out  with  different  well  thicknesses 
and  identical  AlAs  barrier  thickness  (20  A).  After  optimization,  the  best  RTD  obtained  had 
a  PVR  of  8  and  20  at  300  K  and  77  K,  respectively,  with  a  current  density  of 
5  x  104  A  / cm2  and  a  resonant  voltage  of  0.35  V.  However,  the  RTBT's  fabricated  showed 
the  highest  PVR  of  5,  indicating  that  some  of  the  injected  hot  electrons  were  scattered 
while  traveling  through  the  long,  heavily  doped  base  region.  Such  electrons  contributed  to 
the  valley  current,  resulting  in  a  decrease  of  PVR  in  the  transfer  I-V  characteristics  of  the 
RTBT. 
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(b)  RTBT's  with  an  InGaAsP  collector  layer 

After  the  optimization  of  RTD's  and  bulk  materials,  several  RTBT's  were  grown  and 
fabricated.  The  first  RTBT  study  was  to  investigate  the  effect  of  the  InGaAsP  collector 
layer.  Thus  two  identical  RTBT's  were  grown  with  a  single  serial  RTD  in  the  emitter.  The 
difference  is  that  the  first  RTBT  has  an  InGaAs  collector  and  the  second  one  has  1.1  pm 
(Eg  ~  1 . 1  eV)  InGaAsP  layer  lattice  matched  to  InP  as  a  collector  layer.  A  comparison  of 
the  device  results  is  shown  in  Fig.  3.  It  is  shown  that  the  first  RTBT  shows  a  dc  current 
gain  ((5)  of  10  and  a  Vceo  breakdown  voltage  of  4  V.  The  other  one  has  a  smaller  P  of  4 
and  a  larger  Vceo  breakdown  voltage  of  10  V. 

lb  step  =0.2  mA  ,b  steP  =0-2  mA 


Fig.  3  The  RTBT  common! emitter  I-V  characteristics  at  300  K.  (a)  with  InGaAs  collector; 
(b)  with  InGaAsP  collector. 

The  operation  of  the  RTBT  behaves  like  a  regular  transistor  if  the  VBE  (IB)  bias  is 
less  than  the  built-in  voltage  of  the  InGaAs  p-n  junction,  resulting  in  most  of  the  bias 
voltage  drop  across  this  junction.  In  this  region,  the  collector  current  increases  with  VBE 
(IB)  until  the  base-emitter  reaches  the  flat  band  condition.  Beyond  the  flat-band,  additional 
VBE  will  start  to  fall  across  the  RTD  structure,  causing  the  quenching  of  resonant 
tunneling  and  a  decrease  of  collector  current  [7],  From  the  common  emitter  I-V 
characteristics,  the  first  RTBT  starts  to  exhibit  NDT  performance  at  Ig  greater  than  1.8 
mA,  Fig.  3(a),  and  the  other  one  starts  to  exhibit  NDT  at  Ig  greater  than  1.4  mA,  Fig. 
3(b). 

The  transfer  I-V  characteristics  are  shown  in  Fig.  4  for  the  RTBT  with  an  InGaAsP 
collector  layer.  In  this  configuration,  1^  is  measured  against  VBE  with  a  fixed  VEE  at  300 
K.  The  peak  current  is  3.7  mA  at  VBE=  1.8  V  and  the  valley  current  is  0.7  mA  at  VBE= 
3.6  V,  representing  a  PVR  of  5.28.  Consequently,  such  a  RTBT  is  constructed  with 
external  resistors  to  form  an  inverter  gate.  An  increase  of  input  voltage  (Vin)  causes  a 
decrease  of  output  voltage  (Vout)  until  the  device  reaches  the  NDT  region,  where  an 
increase  of  Vout  is  observed  with  Vin.  As  shown  in  Fig.  5,  a  frequency  multiplier, 
constructed  using  the  same  circuit,  can  increase  the  frequency  of  sine  waves  by  a  factor  of 
three. 
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Fig.  4  The  RTBT  transfer  I-V  characteristics.  Fig.  5  Frequency  response  of  the 

RTBT  frequency  multiplier. 

c)  Room  temperature  XNOR 

An  exclusive  NOR  function  was  also  demonstrated  at  room  temperature  using  the 
RTBT  circuit  shown  in  Fig.  6(a).  Basically,  the  XNOR  circuit  can  be  treated  as  an 
"inverter"  circuit  with  two  voltage  inputs,  VI  and  V2.  As  shown  in  Fig.  6(b),  if  VI 
equals  to  V2,  both  are  in  high  or  low  input  states,  the  "inverter"  circuit  sees  an  input 
voltage,  corresponding  to  a  high  Vout  state.  On  the  other  hand,  if  VI  is  not  equal  to  V2, 
one  is  in  high  and  the  other  is  in  low  input  state,  resulting  in  a  low  output  state.  This  logic 
behavior  demonstrates  an  XNOR  function.  A  stable  RTBT  with  a  sufficient  PVR  is  critical 
to  realize  room  temperature  XNOR.  Normally,  more  than  10  conventional  transistors  are 
required  to  realize  such  a  function.  Thus  it  is  believed  that  using  RTBT  can  reduce  the 
complexity  of  conventional  transistor  technology  in  digital  circuit  applications. 


Fig.  6  The  RTBT  XNOR  at, 300  K. 

An  S-parameter  measurement  was  also  conducted  to  estimate  the  microwave 
performance  of  the  InGaAsP  RTBT.  For  a  self-aligned  transistor  with  an  emitter  area  of 
5  x  20/rni2,  the  highest  cutoff  frequency  (fj)  and  fmax  observed  are  around  15  and  9  GHz. 
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(d)  RTBT's  with  multiple  NDT  peaks 


In  order  to  realize  more  sophisticated  digital  functions  using  a  fewer  number  of 
transistors,  RTBT's  with  multiple  NDT  peaks  were  studied.  A  uniform  doped  RTD 
structure  was  used  to  reduce  the  hysteresis  problem.  The  common  emitter  I-V 
characteristics  are  shown  in  Fig.  7(a)  for  a  RTBT  with  4  stacked  RTD's  in  the  emitter  and 
an  InGaAsP  collector  layer.  The  RTBT  behaves  like  a  regular  transistor  when  IB  <  11 
mA,  and  starts  to  show  NDT  characteristics  when  IB  >  1.1  mA.  This  transistor  has  dc  P's 
of  10  and  20  at  300  K  and  77  K,  respectively,  with  a  Vceo  breakdown  voltage  of  10  V. 
Moreover,  there  are  4  NDT  peaks  observed  from  the  transfer  I-V  characteristics  with 
PVR's  of  1.5  to  2.7  at  room  temperature,  as  shown  in  Fig.  7(b).  It  is  believed  that  the  2- 
step  current  drop  in  the  first  two  NDT  peaks  are  due  to  the  circuit  instability. 


(a)  (b) 

Fig.  7  (a)  The  common  emitter  I-V  characteristics  for  the  RTBT  with  4  stacked  RTD's  in 
the  emitter  and  an  InGaAsP  collector  layer;  (b)  the  transfer  I-V  characteristics  at  300  K. 


(e)  Frequency  multiplier 

Using  the  RTBT  with  4  NDT  peaks,  an  inverter  circuit  was  constructed  with  the  Vin- 
Vout  characteristics  as  shown  in  Fig.  8(a),  (b).  Using  such  a  frequency  multiplier, 
triangular  input  waves  are  multiplied  by  a  factor  of  7  and  sine  input  waves  by  a  factor  of  9, 
as  shown  in  Fig.  8(c)  and  (d). 
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Fig.  8  (a)  The  invertor  circuit  using  the  RTBT  shown  in  Fig.  7;  (b)  the  Vin-Vout  plot  for 
the  invertor;  (c)  the  response  of  the  RTBT  frequency  multiplier  for  sine  waves;  (d)the 
response  for  triangular  waves. 


IV.  Conclusions 

RTBT's  with  multiple  NDT  peaks  have  been  realized  using  CBE  for  the  first  time. 
Both  reasonable  dc  and  microwave  performance  were  obtained  at  room  temperature. 
These  RTBT's  were  used  to  demonstrate  digital  functions  at  room  temperature,  including 
frequency  multiplier  and  XNOR.  It  is  believed  that  using  RTBT's  can  reduce  the 
complexity  of  conventional  transistor  technology  significantly. 
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ABSTRACT 

We  have  realized  a  series  InAs/AlSb/GaSb  tunneling  structures  in  which  both  interband  and 
intraband  tunneling  occur,  dependent  on  injection  energy.  The  baseline  structure  consists  of  a 
single  InAs  well  with  GaSb  barriers  which  serve  as  quantum  wells  for  interband  tunneling  and 
barriers  for  intraband  tunneling.  At  low  biases,  interband  tunneling  occurs  through  a  coupled 
double  well  structure  in  the  GaSb  valence  bands.  At  higher  biases,  intraband  tunneling  occurs 
through  the  InAs  quantum  well.  The  addition  of  a  thin  AlSb  barrier  at  different  points  in  the 
structure  changes  both  the  strength  and  number  of  peaks  in  the  I-V/G-V  characteristics. 


I.  INTRODUCTION 

Resonant  tunneling  diodes  (RTDs)  usually  consist  of  a  double  barrier,  single  quantum  well 
semiconductor  heterostructure  where  the  center  region  has  quasi-bound  quantum  well  states 
accessible  to  electron  (or  hole)  transport  [1].  RTDs  are  interesting  from  a  device  standpoint 
because  of  the  possibility  of  fast  response  time  for  both  oscillators  and  bistable  devices  [2], 
Resonant  interband  tunneling  (RIT)  devices  differ  from  conventional  RTDs  in  that  tunneling 
occurs  from  an  electron-like  state  to  a  hole-like  state  (or  vice  versa). 

The  InAs/AlSb/GaSb  material  system  is  suitable  for  fabrication  of  RIT  devices  because  of 
the  type  II  nature  of  the  InAs/GaSb  interface  which  has  the  GaSb  valence  band  edge  sitting  -150 
meV  above  the  InAs  conduction  band  edge  (Figure  1).  This  allows  device  structures  where 
electrons  from  an  InAs  emitter  are  injected  directly  into  a  quasi-bound  quantum  state  in  the  GaSb 
valence  band  [3],  [4],  We  have  investigated  the  tunneling  characteristics  of  a  series  of  double 
barrier  InAs/AlSb/GaSb  structures.  The  structures  were  designed  such  that  both  intraband  and 
interband  tunneling  occur,  depending  on  injection  energy. 
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II.  DEVICE  FABRICATION 


The  structures  were  grown  in  a  Varian  (Intevac)  Gen  II  solid-source  MBE  system.  The 
growth  rates  of  GaSb,  AlSb,  and  InAs  were  1.0,  1.0,  and  0.8  pm/h,  respectively.  Before 
growth  the  wafers  were  heated  to  610  °C  for  15  minutes  to  desorb  the  oxide.  The  first  epi  layer, 
0.2  (im  of  GaAs,  was  deposited  at  Tsub  =  580  °C  to  smooth  the  wafer  surface.  A  0.5  |im 
superlattice  buffer  region,  consisting  of  a  GaSb/AlSb  superlattice  followed  by  0.4  pm  of 
AlGaSb,  was  then  grown  at  a  Tsub  of  530  °C.  The  Tsub  was  then  lowered  to  ~  500  °C  for  the 
growth  of  the  active  region  of  the  structure,  which  consisted  of  1pm  n+  InAs  (2xl018  cm-3),  50 
nm  of  lightly  doped  InAs  (2xl016  cm'3),  the  double  barrier  layer  sequence,  50  nm  of  lightly 
doped  InAs  (2xl016  cm  3)  and  then  a  cap  layer  of  0.25  pm  of  n-i-  InAs  (2xl018  cm'3). 

Mesa  devices  were  formed  using  standard  lithographic  and  wet  etch  techniques  with  non- 
alloyed  Ni/Ge/Au  contacts.  The  surface  of  the  sample  was  covered  with  an  insulating  layer  of 
silicon  nitride,  with  via  holes  to  allow  contact  between  the  device  contacts  and  bonding  pads. 

III.  RESULTS  AND  DISCUSSION 

A  series  of  four  structures,  based  on  a  single  design,  was  investigated.  The  baseline 
structure  consisted  of  two  9.5  nm  GaSb  barriers  and  a  5.5  nm  InAs  quantum  well  (all  nominally 
undoped).  A  thin  AlSb  barrier  was  added,  in  various  positions,  to  the  remaining  three  structures. 
Self-consistent  band  diagrams,  not  including  quantum  effects,  for  the  structures  are  shown  in 
Figure  2a,  3a,  4a,  5a.  In  structure  #2,  the  AlSb  barrier  is  1.5  nm  thick  and  each  InAs  well  layer 
is  3.5  nm  thick,  while  in  structure  #3  and  #4  the  AlSb  barrier  is  2.5  nm  thick.  A  10  nm  undoped 
InAs  spacer  layer  was  placed  between  both  n+  contacts  and  the  double  barrier  structure  for  all 
devices. 

At  low  biases,  interband  tunneling  occurs  through  a  coupled  double  well  structure  in  the 
GaSb  valence  band.  The  GaSb  layer  thicknesses  were  chosen  such  that  for  a  single  GaSb  layer, 
only  one  light  hole  quantum  well  state  should  exist  in  the  GaSb  valence  band  above  the  InAs 
conduction  band  edge  [5];  selection  rules  forbid  coupling  between  conduction  band  states  and 
heavy  hole  states.  The  n  =  2  light  hole  states  lie  well  below  the  window  to  the  InAs  conduction 
band  and  therefore,  are  not  available  for  interband  tunneling.  The  InAs  well  thickness  was 
chosen  such  that  lowest  energy  quantum  well  state  would  be  above  the  GaSb  valence  band  edge. 
Thus,  at  higher  biases,  intraband  tunneling  occurs  through  a  single  InAs  quantum  well  state. 

We  have  used  the  band  profiles  generated  by  a  self-consistent  Poisson  solver  to  assist  in 
the  labeling  of  the  various  NDR  regions.  The  energy  levels  of  the  InAs  quantum  well  states  were 
then  calculated  using  a  single  band  model.  This  method  is  precise  for  modeling  the  intraband 
resonant  state  energies  because  the  InAs  quantum  well  states  lie  above  the  window  between  the 
InAs  conduction  band  and  the  GaSb  valence  band.  A  rough  estimate  of  the  interband  resonances 
can  be  made  using  the  single  band  model  by  solving  for  the  energy  levels  of  the  valence  band 
states.  However,  this  is  not  precise  because  of  the  coupling  between  the  electron-like  states  in  the 
InAs  and  the  hole-like  states  in  GaSb,  and  should  only  be  treated  as  an  approximation. 

For  all  the  structures,  with  one  exception,  the  intraband  resonances  occurred  at  a  slightly 
lower  voltage  than  predicted  by  the  model.  The  exception  was  for  the  only  case  when  intraband 
tunneling  occurred  initially  thorough  a  thin  AlSb  barrier  (reverse  bias  direction  of  structure  #3). 
For  this  case,  the  resonance  occurred  where  predicted.  This  implies  that  there  is  some  interaction 
between  the  GaSb  valence  band  states  and  the  InAs  conduction  band  state.  For  the  case  where 
the  resonance  occurred  where  predicted,  the  AlSb  barrier  reduces  this  interaction. 
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Basline  structure 


The  I-V/G-V  curve  for  structure  #1,  measured  at  77  K,  from  a  32  p.m  square  device  is 
shown  in  Figure  2b.  The  I-V  is  symmetrical  around  zero  bias,  therefore  only  one  bias  direction  is 
shown  The  NDR  region  at  0.62  V  corresponds  to  conventional  intraband  tunneling  through  the 
confined  state  in  the  InAs  well  (this  resonance  occurs  at  a  slightly  larger  than  expected  bias,  due 
to  parasitic  contact  resistance).  The  NDR  region  near  0.09  V  corresponds  to  interband  tunneling 
through  the  confined  state  created  by  the  near  GaSb  barrier.  In  addition  to  these  NDR  regions,  a 
small  feature  appears  in  the  G-V  curve  near  0.05  V,  which  may  correspond  to  tunneling  into  the 
far  GaSb  well. 

AlSh  harrier  in  the  center  of  the  InAs  well 

Structure  #2  is  similar  to  the  baseline  structure  (#1),  with  the  addition  of  a  1.5  nm  thick 
AlSb  barrier  in  the  center  of  the  InAs  well,  creating,  in  effect,  a  double  well  (the  total  InAs  well 
thickness  is  also  0.5  nm  larger  than  that  of  structure  #1).  This  should  add  a  second  intraband 
tunneling  resonance.  Because  the  AlSb  barrier  lies  in  the  center  of  the  well,  little  or  no  change  to 
the  interband  tunneling  characteristics  are  expected.  The  I-V/G-V  curve  at  4  K  for  structure  #2  is 
shown  in  Figure  3b.  The  mesa  size  was  16  |im  square. 

The  intraband  resonance  from  the  near  InAs  well  is  visible  at  0.58  V.  A  weaker  feature, 
assumed  to  be  caused  by  tunneling  into  the  far  InAs  well,  appears  at  0.46  V.  A  strong  NDR 
appears  at  0.17  V,  consistent  with  interband  tunneling  into  the  near  GaSb  valence  band  well.  A 
number  of  smaller  unidentified  features  in  the  G-V  curve  are  evident;  at  0.26  V,  and  below  0.17 
V.  One  of  these  features  (occurring  below  V  =  0.17  V)  may  be  due  to  interband  tunneling  into 
the  far  GaSb  well.  The  others  do  not  correspond  to  any  expected  intraband  resonances.  They  are 
also  visible  at  77  K,  while  similar  features  for  structure  #1  were  not  visible.  This  implies  that 
they  are  the  result  of  the  addition  of  the  AlSb  barrier.  At  k  =  0,  selection  rules  allow  coupling  to 
the  light  hole  band  only.  However,  away  from  k  =  0,  coupling  to  the  heavy-hole  band  is  allowed 
[6];  thus  the  additional  features  may  be  due  to  interband  tunneling  through  heavy  hole  states. 

AlSh  barrier  outside  the  GaSb  barrier 

Structure  #3  is  similar  to  the  baseline  structure  except  for  the  addition  of  a  2.5  nm  AlSb 
barrier  on  the  outside  of  one  of  the  GaSb  barriers.  The  I-V/G-V  curve  from  structure  #3, 
measured  at  4  K,  from  a  32  jim  square  device  is  shown  in  Figure  4b.  Negative  bias  voltages 
correspond  to  the  case  where  electrons  initially  tunnel  into  the  AlSb  barrier. 

The  intraband  resonances  for  the  structure  appear  at  -0.90  V  and  0.68  V  (there  are  also 
small  features,  at  -0.96  V  and  0.89  V  slightly  above  each  of  the  intraband  resonances).  The 
interband  resonances  into  the  near  GaSb  well  appear  at  -0.07  V  and  0.18  V.  Additional  features 
occur  below  the  large  interband  tunneling  resonance,  similar  to  those  in  structure  #2.  For  the 
negative  bias  interband  resonance,  the  peak-to-valley  ratio  is  higher  and  the  peak  current  smaller 
than  for  the  forward  bias  resonance.  This  is  expected  since  electrons  initially  tunnel  through  the 
AlSb  barrier,  consistent  with  the  intraband  peak  current  (29  mA  @  +0.68  V,  13  mA  @  -0.90 
V),  and  with  previous  observations  for  other  InAs/AlSb/GaSb  tunneling  structures  [7]. 

AlSb  barrier  inside  the  GaSb  barrier 

Structure  #4  is  similar  to  the  baseline  structure  except  for  the  addition  of  a  2.5  nm  AlSb 
barrier  on  the  inside  of  one  of  the  GaSb  barriers,  rather  than  on  the  outside.  The  I-V/G-V  curve 
from  structure  #4,  measured  at  4  K,  from  a  32  |im  square  device  is  shown  in  Figure  5b.  Positive 
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applied  biases  correspond  to  electrons  initially  encountering  the  GaSb  barrier  associated  with  the 
AlSb  barrier. 

In  the  positive  bias  direction,  the  intraband  resonance  occurs  at  0.70  V,  in  the  negative  bias 
direction,  the  intraband  resonance  occurs  at  0.52  V.  Strong  NDR  regions,  assumed  to  be 
interband  resonances,  occur  at  -0.04  V  and  -0.18  V.  These  two  features  are  qualitatively  similar, 
each  with  a  small  peak  at  a  slightly  higher  bias  (at  -0.13  V  and  -0.23  V).  Another  small  feature  of 
similar  strength  is  located  at  -0.31  V.  Weaker  structure  occurs  at  0.21  V,  0.49  V,  and  0.96  V, 
and  very  weak  structure  occurs  at  0.17  V,  0.28  V,  and  0.59  V.  Another  strong  NDR  region 
occurs  at  -0.36  V,  also  with  a  weaker  feature  at  the  slightly  larger  bias  (-0.47  V). 

Based  on  the  assumption  that  there  is  only  coupling  between  the  conduction  band  and  light 
hole  band,  we  expect  to  see  one  intraband  resonance  and  two  interband  resonances  for  our 
structures.  However,  for  the  structures  with  the  thin  AlSb  barrier,  particularly  structure  #4,  there 
are  more  resonances  than  are  expected.  Based  on  these  results,  it  appear  that  a  multiband  model 
(#  of  bands  >  2)  is  necessary  to  identify  the  various  resonances. 

IV.  SUMMARY 

We  have  realized  InAs/AlSb/GaSb  heteroepitaxial  tunneling  structures  in  which  both 
interband  and  intraband  tunneling  occur,  dependent  on  injection  energy.  The  structures  consist  of 
a  single  InAs  well  with  GaSb  barriers  which  serve  as  quantum  wells  for  interband  tunneling  and 
barriers  for  intraband  tunneling.  The  addition  of  a  single,  thin  AlSb  barrier  variably  throughout 
the  double  barrier  structure  can  greatly  effect  the  nature  of  the  features  in  the  I-V/G-V 
characteristics.  Intraband  resonance  can  be  identified  using  a  single  band  model,  when  well 
separated  from  interband  resonances.  Though  interband  resonances  can  be  approximated  using  a 
single  band  model,  a  multiband  model  is  necessary  to  accurately  model  the  resonant  energies. 
The  number  of  observed  interband  features  is  greater  than  can  be  accounted  for  by  simple 
conduction  band-light  hole  band  tunneling,  and  may  be  due  to  heavy  hole  band  coupling. 
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Figure  1.  Self-consistent  band  diagram  of  a  simple  InAs/AlSb/GaSb  structure.  The  GaSb 
valence  band  edge  lies  -150  meV  above  the  In  As  conduction  band  edge  allowing  injection 
from  the  InAs  conduction  band  into  the  GaSb  valence  band. 
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Figure  2.  (a)  Self-consistent  band  diagram  for  structure  #1.  (b)  I-V/G-V  for  structure  #1. 
The  G-V  curve  is  not  shown  above  V  =  0.15  V. 
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Figure  5.  (a)  Self-consistent  band  diagram  for  structure  #4.  (b)  I-V/G-V  for  structure  #4. 
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Introduction 

The  possibility  of  using  transit-time  phase  shifts  in  a  bipolar  junction  transistor  to  extend  the  active 
transistor  operation  to  higher  frequencies  has  been  discussed  by  a  number  of  researchers.  The 
discussion  has  been  centered  on  the  negative  dynamic  output  impedance  that  can  be  achieved  due  to 
the  phase  delay  in  carrier  drift  across  the  collector  space-charge  region.  This  idea,  proposed  originally 
by  Wright  [1],  is  attractive  for  millimeter  and  submillimeter  wave  applications.  It  has  gained  a  lot  of 
attention  in  the  context  of  a  conventional  junction  transistor  implementation  [2,3]/  heterostructure 
bipolar  transistors  (HBT)  [4-6],  unipolar  ballistic  transistors  [71,  and  field-effect  transistors  [8]. 
Unfortunately,  in  transistors  with  diffusive  base  transport,  the  practical  possibility  of  extending  the 
active  transistor  behavior  beyond  /T  is  severely  limited  [6]  by  parasitic  effects.  Utilization  of  transit¬ 
time  resonances,  arising  from  carrier  drift  across  the  collector  junction  in  a  conventional  GaAs/ AlGaAs 
HBT,  requires  a  reduction  of  the  base  and  collector  resistances,  as  well  as  the  collector  capacitance,  by 
factors  of  10  from  estimates,  based  on  the  state-of-the-art  technology. 

This  problem  was  recently  analyzed  by  Grinberg  and  myself  [9].  Like  in  transit-time  diodes,  the 
negative  dynamic  output  impedance  in  transistors  arises  from  a  combination  of  the  injection  phase 
delay  (p  =  (pE  +  <pB  (the  total  transit  angle  of  the  emitter  and  the  base)  and  the  drift  delay  0  in  the 
base-collector  junction.  Transit-time  effects  are  swamped  by  the  device  parasitics  because  in  diffusive 
transistors  the  available  phase  9  is  too  small.  Exponential  decay  of  the  magnitude  of  the  base 
transport  factor  aB  with  the  phase  9B,  acquired  in  a  diffusive  propagation  across  the  base,  implies  that 
the  overall  phase  of  the  collector  current  ( 9B  +  9E  +  0 )  must  be  acquired  almost  entirely  at  the  expense 
of  the  collector  phase  delay  0.  On  the  other  hand,  the  magnitude  of  the  negative  dynamic  resistance 
also  decreases  with  increasing  0  and  for  0  =  n  it  becomes  too  small  to  overcome  the  influence  of 
parasitic  elements. 

Transit  time  resonances  can  withstand  the  parasitics  only  if  they  can  be  achieved  while  keeping  the 
collector  delay  0  <  1,  i.e.  if  a  sufficient  phase  (oxB  =  9B  >  n  is  acquired  in  the  base  transport  alone  - 
without  a  significant  penalty  in  the  magnitude  of  the  base  transport  factor  aB.  In  general,  with 
increasing  frequency  to,  the  base  transport  factor  0^(0))=  |  0^  |  exp(- coxB)  describes  an  inbound 
spiral  |  ag  |  — »  0  in  the  complex  plane  [10].  We  shall  use  the  term  coherent  speaking  of  any  base 
transport  mechanism  that  provides  a  sufficiently  slow  spiraling  in  of  aB  (co),  say,  such  that  aB  >  0.5  for 
9b  >  it. 

One  possibility  to  achieve  coherence  arises  from  ballistic  transport  at  cryogenic  temperatures  [9].  In 
the  ballistic  case  the  modulated  signal  injected  at  the  base-emitter  interface  is  washed  out  because  of 
the  thermal  spread  in  the  normal  velocities  of  injected  carriers,  leading  to  a  variance  5x  in  their  base 
propagation  time.  The  latter  process  is  analogous  to  the  Landau  damping  of  density  waves  in 
collisionless  plasmas  and  has  an  effect  similar  to  diffusion.  Collisionless  base  propagation  by  itself 
does  not  imply  coherence. 

Coherent  regime  in  a  ballistic  transistor  arises  when  5r  c  xB ,  i.e.,  when  the  injected  electrons  form 
a  collimated  and  monoenergetic  beam.  A  good  approximation  to  such  a  beam  results  from  the 
passage  of  electrons  across  an  abrupt  heterointerface  at  low  temperatures.  For  electrons  traveling  with 
a  velocity  v  perpendicular  to  the  base  layer,  a  periodic  injection  modulation  at  the  emitter  interface 
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with  a  frequency  /  sets  up  an  electron  density  wave  of  wavelength  X  =  v/f .  For  8x  «  xB,  this  wave 
does  not  appreciably  decay  over  the  entire  base,  resulting  in  a  transport  factor 

aB  =  e-<<o8T)J/2  e_i“tB  (1) 

As  discussed  in  detail  in  Ref.  [9],  a  coherent  transistor  can  have  both  the  common-emitter  current  gain 
/i21  and  the  unilateral  power  gain  U  exceeding  unity  at  frequencies  far  above  the  usual  /T.  The 
transistor  speed  is  limited  not  by  the  base  propagation  time  tB  but  rather  by  its  variance  6x. 
Calculations  carried  out  for  exemplary  heterostructures,  implemented  at  the  state-of-the-art  rules  of 
technology,  indicate  that  active  transistor  behavior  can  be  extended  to  about  1  THz. 

It  is  clear,  however,  that  the  ballistic  coherent  operation  requires  cryogenic  temperatures.  For  a 
collisionless  transport  to  hold  over  the  entire  base  width,  the  electron  kinetic  energy  A  (the  injection 
energy,  corresponding  to  a  conduction-band  discontinuity  in  the  base-emitter  junction  [11])  should  not 
exceed  the  optical  phonon  emission  threshold,  A  <  Acoopt .  On  the  other  hand,  to  achieve  coherence,  the 
injection  energy  A  must  substantially  exceed  the  thermal  spread,  whence  we  need  ft(flopt  >  A  >  fcT . 
This  means  that  the  implementation  of  base  transport  coherence  in  a  ballistic  HBT  requires  at  least 
liquid  N2  temperatures.  Moreover,  the  ballistic  coherent  operation  is  limited  to  ultra-high  frequencies. 
The  concept  cannot  even  be  tested  at  lower  frequencies,  because  the  first  resonance  in  U  appears  only 
at  f%~nfr  =  \/2xb,  which  must  evidently  be  higher  than  the  collision  rate  1  / xcon  governing  the 
momentum  relaxation  of  ballistic  electrons  at  energy  A. 

Another  idea  for  achieving  base  transport  coherence  (which  is  not  limited  to  ultra-high  frequencies 
and  also  works  at  room  temperature)  can  be  traced  back  to  the  famous  paper  by  Shockley  [12].  In  that 
paper  he  introduced  the  concept  of  transit-time  diodes  and  suggested  that  the  delay  in  minority-carrier 
transit  across  a  transistor  base  can  lead  to  an  active  device  at  extended  frequencies.  A  necessary 
condition  for  this  to  occur  is  that  the  directed  transport  across  the  base  be  much  faster  than  the 
diffusive  transport,  that  tends  to  wash  out  a  modulated  structure  of  the  injected  distribution.  Shockley 
suggested  [12]  that  this  condition  can  be  met  in  a  minority-carrier  delay  diode  with  a  variable  doping 
in  the  base.  However,  because  of  a  limited  range  of  the  potential  variation  available  with  an 
exponentially  graded  doping,  the  feasibility  of  this  approach  is  marginal  and  it  has  never  been 
realized.  Recently,  Shockley's  argument  was  reconsidered  [13]  in  the  context  of  HBT  with  a  graded 
alloy  base  composition.  It  was  shown  that  coherence  of  the  base  transport  in  such  devices  is  feasible 
and  may  lead  to  useful  applications.  In  addition  to  transistors  with  a  linearly  graded  base,  we 
discussed  a  new  a  structure  in  which  the  base  bandgap  narrows  down  toward  the  collector  in  N 
discontinuous  steps  of  minimum  height  larger  than  fK0opt.  In  this  structure  the  minority  transport 
occurs  by  a  strongly  accelerated  diffusive  process,  adequate  for  achieving  the  transit  time  resonance  both 
at  ultra-high  and  conventional  frequencies.  Our  discussion  below  is  based  on  Ref.  [13]. 

Step  Base  Transistor 

Consider  a  HBT  whose  base  bandgap  narrows  down  toward  the  collector  in  a  stepwise  fashion.  Fig.  1. 
Let  the  band  edge  for  minority  carriers  in  the  base  consist  of  N  steps  Wy  which  are  high  enough, 
A j  >•  kT ,  that  carriers  are  effectively  forbidden  to  return  once  they  have  fallen  off  a  particular  step. 
Moreover,  let  us  assume  that  all  the  memory  of  the  previous  journey  is  lost  in  each  step.  The  latter 
condition  is  reasonable  if  the  steps  are  higher  than  the  threshold  for  a  rapid  inelastic  process,  e.g., 
optical  phonon  emission:  Ay  >  faflopt .  With  this  condition  fulfilled,  we  can  treat  the  transport  in  each 
step  individually  and  characterize  it  by  a  step  transport  factor  a ; , 

a,  (oo)  =  — — — — ZTWT  '  <2a) 

'  cosh[(2i<p;),/2] 

where  <p7  =  (OXy  is  the  phase  acquired  on  step  j  and  Xy  =  Wf/2D  is  the  step  propagation  time  by 
diffusion.  We  assume  that  the  steps  are  narrow  enough  that  <py  «  1 .  In  this  case,  to  within  quadratic 
in  <py  terms,  Eq.  (2a)  reduces  to  the  form 
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(2b) 


a  ;(a>)  =  e  9'  /3  e  19 '  . 

We  see  that  at  small  values  of  <p; ,  the  magnitude  |  a;  |  deviates  from  unity  quadratically  in  <p; .  This 
observation  enables  us  to  construct  a  coherent  otg  with  a  large  phase  and  little  decay  in  magnitude. 
Indeed,  the  total  base  transport  factor  is  the  product  of  ot;'s: 

Ob(<P)  =  n«,-  =  e-’J/3N  e"1*  ,  (3) 

;=i 

where  <p  =  5>,  is  the  overall  phase  acquired  in  the  base  transport;  we  have  assumed  for  simplicity 
that  all  steps  are  equal  and  9  =  N  <p; . 

The  intrinsic  current  gain  |}B  =  aB  (1  -aB)_1  will  have  peaks  |  [5B  |  >  1  at  9  =  2 mtt ,  provided 

|  aB  (2 nm )  |  >0.5  .  (4) 

The  first  peak  occurs  at  frequency  f=2nfT.  According  to  Eq.  (3),  this  requires 
N>N2k  =  (  271)2/3  In  2  =  19. 


Figure  1.  Schematic  band  diagram  of  a 
step-base  heterostructure  bipolar  transistor. 


Dimensionless  Frequency,  G)W2/2D 

Figure  2.  Common  emitter  current  gain  P 
of  HBT's  with  the  same  width  W  and 
different  number  N  of  steps  in  the  base. 


Physically,  the  described  effect  originates  from  an  enhancement  of  the  forward  diffusion  transport. 
The  essential  condition  is  carrier  thermalization  at  every  step,  which  provides  the  independence  of 
a; 's  and  restricts  particles  from  returning  to  a  preceding  step.  The  resultant  "stepped  up"  diffusion  is 
a  rather  peculiar,  at  first  glance  even  counter-intuitive,  process.  Thus,  in  a  static  regime,  the  minority 
concentration  in  the  base  is  a  periodic  (rather  than  decreasing)  function  of  the  distance.  Indeed,  the 
steady-state  current  in  each  step  is 

_  e[n(0j)  -  n(Wj )]  _  N  ew(0)  ,,-n 

1  ”  DWj  DW  '  {  ’ 

where  W  =  NW;  is  the  total  base  thickness  and  n  (0;)  is  the  concentration  at  the  beginning  of  step  j. 
From  the  current  continuity  in  the  absence  of  recombination,  we  have  n  (0;)  =  n  (0) ,  independent  of  j. 
Equation  (5)  shows  that  the  diffusion  flux  is  enhanced  by  a  factor  of  N  and  so  is  the  effective  diffusion 
velocity,  which  becomes  2 D/W;  .  If  we  increase  the  number  of  steps  keeping  W  constant,  the 
conventional  cutoff  frequency  /T  will  increase  in  proportion  to  N ,  cf.  Fig.  2.  Clearly,  the 
recombination  limited  static  current  gain  will  also  scale  in  proportion  to  N.  This  effect  has  in  fact  been 
observed  by  Ohishi  et  al.  [14]  in  a  InGaAsP/InP  HBT  with  a  double-layer  (N  -2)  base. 
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For  high  enough  N,  we  would  see  a  peaked  structure  in  the  current  gain  |  ft2i  |  and  for  N  >  N2x 
the  peak  value  is  greater  than  unity,  cf.  the  curve  in  Fig.  2  for  N  =  30 .  However,  this  situation  is 
difficult  to  realize  in  practice,  because  each  step  must  be  high  enough  (A >  ft coopt )  to  ensure  the  no- 
retum  condition,  while  the  overall  potential  drop  is  limited  by  the  bandgap  difference. 


Power  gain 

Conditions  for  the  transistor  oscillation  activity  are  more  relaxed.  Consider  the  intrinsic  case  first.  An 
extended-frequency  peak  in  the  unilateral  power  gain  U  appears  when  the  real  part  of  the  common- 
emitter  output  impedance  r 22  =  %f(zzz)  changes  sign  [5,9].  In  an  intrinsic  transistor  we  have 
r22=R<f  +  RE,  where 

„  cos(cp)  -  cos(cp+ 0)  .  ,  I  “b  I  sin(cp+0') 

R’ — w — 1  “■  1  — So — •  <6) 


RE  is  the  emitter  resistance,  and  0  =  cote  =  28'  is  the  collector  transit  angle.  The  phase  <p  includes  the 
(usually  small)  delay  <pE  =  co  RECE,  due  to  emitter  capacitance  CE.  The  approximate  relation  in  the 
right-hand  side  of  Eq.  (6)  corresponds  to  0  <  1 .  In  this  case  a  power  gain  peak  occurs  at  <p  =  n , 
provided  |  aB  |  >  co  CcRE  • 

The  latter  condition  is  relatively  easy  to  accommodate.  However,  as  pointed  out  by  Tiwari  [6], 
considerations  of  the  phaseshift  effects  on  unilateral  gain  are  rather  meaningless  without  including 
extrinsic  resistances  and  capacitances.  A  careful  analysis  [9]  shows  that  when  these  "parasitics"  are 
included,  the  condition  for  a  peak  in  U  near  <p  =  it  is 


aB  (re)  |  >  to  xx  , 


(7) 


where  xx  is  a  parasitics-limited  time  constant.  For  example,  in  a  model  which  includes  extrinsic 
emitter,  base,  and  collector  resistances  (Ra,  Rta,  and  R^ ,  respectively,  cf.  the  equivalent  circuit  [9]  of 
an  abrupt-junction  HBT)  but  neglects  an  extrinsic  collector  capacitance  C^,  the  expression  for  U  is 

I  Ob<xc  I  2 


U  = 


4 co2  C2  (RB  +  Rr*) 


1 

R„  +  R* 


(8) 


where  Rx  =  Re  +  Re*  +  Re*  +  Rci(Re  +  ^e*)/(^b  +  ^b*)  and  ac  =  (sin0'/0')e~ie  is  the  collector 
transport  factor.  The  corresponding  xx  in  Eq.  (7)  is  xx  =  CcRx.  Besides  the  "low"  frequency  regime, 
where  Lf  >  1 ,  the  transistor  will  be  active  in  the  range  of  frequencies,  where 


aB  |  sin(<p+  0')  +  coxx  <  0  . 


(9) 


In  this  range  U  <  0  and  hence  one  can  obtain  U  >  1  by  adding  a  series  resistance.  Obviously, 
inequality  (9)  can  only  be  obtained  if  |  aB  j  >  coxx ;  from  Eq.  (3)  this  means  that  the  number  of  steps  in 
the  base  must  exceed  the  value  N%  =  (7c2 /3)  |  ln(a>xx)  |  -1 .  For  a  transistor  not  overdamped  by  the 
parasitics,  say  toxx  <  0.5,  we  need  N  >5.  The  solid  line  in  Fig.  3  displays  the  gain  |  li  |  ,  calculated 
for  a  model  HBT  with  5  steps  in  the  base.  The  two  peaks  correspond  to  a  vanishing  denominator  in 
(8);  between  the  peaks  U  is  negative. 

It  should  be  emphasized  that  we  are  not  considering  any  "ballistic"  boosts  in  the  particle  speed  at 
the  step  edges.  Such  effects  may  in  fact  be  beneficial;  they  are  not  expected  to  qualitatively  modify  the 
result  (3).  If  we  increase  N  at  the  expense  of  making  the  step  height  smaller,  A;-  <  7tcoopt ,  then  the 
necessary  energy  relaxation  will  not  occur  at  each  step  and  hot  electrons  will  diffuse  backward  as  well 
as  forward.  In  order  to  treat  this  regime  quantitatively,  a  Boltzmann  transport  model  for  minority 
carriers  has  been  developed  [15].  It  includes  the  effects  of  a  finite  optical  phonon  scattering  time  xop 
and  finite  exit  velocity  at  each  step.  Preliminary  results  obtained  in  this  model  indicate  that  for 
A  j  >  ft  co  0pt  the  present  simplified  approach  is  valid,  provided  that  xop  is  shorter  than  the  elastic 
collision  time  of  hot  carriers  exiting  a  step. 
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Figure  3.  Common-emitter  current  gain 
|  h2i  |  and  the  unilateral  gain  |  U  \  of 
HBT's  with  the  same  base  width 
W  =  025  urn,  the  same  diffusivity 
D  =  50  cm2  /  s ,  the  same  collector  transit 
time  tc  =  1  ps,  and  different  number  N  of 
steps  in  the  base. 

Assumed  parameters:  R„  =  =  50  Qpm, 

Re  =  10  fl-pm,  REJt=RCt  =  20fl  pm, 
Cc  =  0.25  fF/pm,  and  Cc  =  10  fF/pm . 


Comparison  with  Linear  Grading 

In  the  limit  of  N  -too  and  A .• ,  W;  ->  0  the  base  structure  becomes  equivalent  to  that  in  a  linear- 
graded  HBT  [16-18]  with  VEG  =  lim  A;/ W; .  In  such  a  device,  the  phase  of  0%  is  acquired  with  the  drift 
velocity  v  =  -pVEc/e ,  while  the  magnitude  |  0^  |  is  attenuated  due  to  spreading  by  diffusion.  An 
equation  analogous  to  (3)  can  be  derived  by  solving  the  continuity  equation  V-/  =  e (dn/dt)  for  the 
minority  current  taken  in  the  drift-diffusion  form  /  =  npVEG  +  eDVn .  Using  the  phasor  notation 

n(x,  t)  =  n  (x)  +  h(x)eiad  , 

the  continuity  equation  for  the  dynamic  component  n  reduces  to 

icon  =  -v  n'  +  D  n  "  .  (10) 


Normalizing  the  coordinate  x  to  the  base  width  W,  we  find  that  the  solution  of  Eq.  (10),  satisfying 
n  (1)  =  0,  is  of  the  form 


h  =  AeTX  sinh[X(z-l)] , 


(ID 


where  A.  =  V r 2  +  2icoxD  and  r  is  the  ratio  of  the  characteristic  diffusion  time  td  =  W2/2D  to  the  drift 
time  xB  =  W/v ,  viz. 


_  Id  Wv  _  AEg 

r  =  17  =  2D  ~  "2fcf  ' 


(12) 


where  AEG  is  the  total  bandgap  variation.  The  last  equation  in  the  right-hand  side  of  (12)  results  form 
Einstein's  relation  eD  =  \xkT  (valid  for  not  too  high  bandgap  gradients). 

From  Eq.  (11)  we  find  the  base  transport  factor  aB  =  ]  (1)//  (0)  in  the  form 

o.  ((D)  = - SE w -  - ,  (13) 

cosh  (X)  +  ( 1  +  2i  co  xB  /r )  1/2  sinh  (X) 

In  the  absence  of  a  grading,  v  -» 0,  Eq.  (13)  reduces  to  Og  =  cosh-1  [  (2i(oxD)1/2  ],  which  corresponds 
to  Eq.  (2a)  extended  to  the  entire  base.  For  a  large  grading,  r  »  1 ,  one  has,  asymptotically, 
X  =  r  +  i(0TB  +  (to tb )2/2r  and  Eq.  (13)  reduces  to 

Ob  (9)  =  e-’J/2r  e-i*  ,  (14) 

where  9=  toxB(l  -  1/2 r).  The  minority  carrier  drift  effects  are  qualitatively  similar  to  those  resulting 
from  the  enhanced  forward  diffusion.  Parameter  2r  in  Eq.  (14)  plays  the  same  role  as  3 N  in  Eq.  (3). 
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[In  the  ballistic  case,  Eq.  (1),  the  parameter  equivalent  to  r  is  rB  s  (xB/5x)2.]  For  our  example  of  5  steps 
(Fig.  3)  we  need  A Ec  =  5  A;  >  5  *coopt  =  180  meV  (in  GaAs/AlGaAs).  Precisely  the  same  effect  will  be 
achieved  with  a  graded-gap  base  with  r  =  7.5,  requiring  A EG  =  15 kT  =  380meV  at  room  temperature. 
As  means  for  achieving  the  extended  frequency  operation  at  <p>  n,  both  approaches  appear  equally 
feasible. 

The  step-base  approach  offers  additional  flexibility  in  the  design  of  ultrahigh  speed  heterostructure 
transistors.  Perhaps  its  most  obvious  practical  application  is  to  relieve  the  stringent  trade-off  between 
the  requirements  of  low  base  resistance  and  short  base  propagation  time.  As  discussed  above,  this  can 
be  accomplished  even  with  a  small  number  of  steps,  e.g.,  N  =  2.  For  higher  number  of  steps,  N  >  5 , 
one  can  obtain  an  active  behavior  of  the  transistor  at  an  extended  frequency  f  =  nfmax,  provided 
(cf.  Eq.  7)  the  device  at  this  frequency  is  not  overdamped  by  extrinsic  elements. 

Conclusion 

We  have  discussed  coherent  base  propagation  effects  that  can  be  obtained  in  stepwise  graded  and 
linearly  graded  bandgap  base  structures  of  heterostructure  bipolar  transistors.  These  effects  open  up 
one  or  several  bands  of  frequencies  above  h>  where  the  transistor  is  active.  Physically,  the  active 
behavior  of  a  coherent  transistor  results  from  the  phaseshift  between  the  collector  current  and  voltage, 
acquired  during  the  minority-carrier  transit  across  the  base. 

It  is  instructive  to  consider  the  following  question:  why  is  it  that  the  phaseshift,  obtained  in  a 
coherent  base  transport,  is  advantageous  compared  to  that  arising  in  the  saturated-velocity  transport 
across  the  base-collector  space-charge  region?  Mathematically,  the  answer  is  evident  from  a 
comparison  of  expressions  for  the  base  and  collector  transport  factors:  the  disadvantage  of  a  base- 
collector  propagation  results  from  the  factor  sin(9')/0'  which  diminishes  the  magnitude  of  the 
complex  transport  factor  ac  at  high  frequencies.  Physically,  the  difference  is  rooted  in  the  nature  of 
screening  of  a  dynamic  charge  moving  inside  or  outside  a  conductor.  Carriers  moving  in  the  depleted 
layer  induce  currents  of  equal  magnitude  in  both  the  base  and  the  collector  electrodes  [19].  In 
contrast,  minority  carriers  moving  inside  the  base  induce  a  base  current  only  to  the  extent  that  their 
total  charge  varies  in  time. 
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ABSTRACT 

We  present  here  the  research  on  new  metal/2 -dimensional  electron  gas  (2-DEG)  Schottky 
contacts.  This  new  high  speed  contact  has  unique  characteristics  which  are  particularly 
promising  for  applications  in  the  fields  of  millimeter  wave  electronics  and  high  speed,  low 
power  integrated  circuits.  We  describe  here  two  new  transistors  which  utilize  a  side-gate  formed 
by  plating  gate  metal  into  a  trench  etched  through  the  plane  of  the  2-DEG.  The  first  transistor  is 
the  Schottky-gated  resonant  tunneling  transistor  (SG-RTT)  which  has  demonstrated  high 
transconductance  and  novel  switching  properties  at  room  temperature.  The  second  device  is  a 
novel  2-dimensional  metal-semiconductor  field  effect  transistor  (2-D  MESFET)  which  is 
particularly  promising  for  low  power,  high  speed  integrated  circuit  applications.  We  also  briefly 
discuss  several  applications  of  these  new  transistors. 

I.  INTRODUCTION:  HETERODIMENS IONAL  METAL/2-DEG  SCHOTTKY  CONTACTS 

Heterodimensional  Schottky  contact  devices  represent  a  new  class  of  devices  in  which  the 
Schottky  barrier  is  formed  between  the  metal  and  a  2-d  or  1-d  electron  gas  [1],  These  junctions 
are  formed  by  electroplating  gate  metal  into  a  trench  which  is  etched  through  the  plane  of  a 
compound  semiconductor  (e.g.  AlGaAs/GaAs)  heterostructure.  The  electrical  characteristics  of 
these  devices  are  dominated  by  the  Schottky  junction  with  the  electron  gas.  These  devices  have 
unique  electronic  properties  which  are  fundamentally  different  from  other  metal/semiconductor 
junctions,  including  low  specific  capacitance,  very  high  speed  transport  in  the  electron  gas, 
quantization  effects  related  to  lower  dimensional  electronic  systems,  and  high  breakdown 
voltage.  The  first  heterodimensional  Schottky  device  investigated  was  the  metal/2-DEG 
Schottky  diode  [2-4],  This  device,  formed  using  a  pseudomorphic  AlGaAs/InGaAs/GaAs 
modulation-doped  heterostructure,  exhibited  excellent  room  temperature  Schottky  diode 
characteristics  including  ideality  factor  of  1.26,  breakdown  voltage  of  15  V,  series  resistance  of 
18  Q  and  junction  capacitance  ranging  from  about  30  fF  (at  zero-bias)  to  about  5fF  (at  -12  V). 
These  devices  were  operated  at  225  GHz  as  frequency  triplers,  delivering  500  pW  output  power 
with  0.5  percent  efficiency  [4].  We  are  optimizing  these  metal/2-DEG  multiplier  devices  and 
expect  to  achieve  much  higher  efficiencies  at  higher  frequencies  in  the  near  future.  In  this  paper, 
we  discuss  two  new  transistors  in  which  the  gate  is  formed  using  this  metal/2-DEG  junction 
technology  developed  at  the  University  of  Virginia.  The  first  is  the  Schottky-gated  resonant 
tunneling  transistor  (SG-RTT)  which  is  discussed  next. 
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Fig.  1.  Schematic  of  the  Schottky -Gated  Resonant  Tunneling  Transistor  (SG-RTT).  The  SG- 
RTT  AlGaAs/GaAs  double-barrier  resonant  tunneling  heterostructure  specifications 
are  also  shown  (right). 

II.  THE  SCHOTTKY-GATED  RESONANT  TUNNELING  TRANSISTOR 

The  Schottky- gated  Resonant  Tunneling  Transistor  (SG-RTT)  is  fabricated  by  etching  a 
trench  through  the  thin  layers  of  a  double-barrier  resonant  tunneling  structure  and  electroplating 
the  gate  metal  onto  the  sidewall  of  the  gate  trench,  as  shown  in  Fig.  1.  By  limiting  the  contact 
area  to  the  low  doped  layers  near  the  tunneling  layers,  the  gate  characteristics  are  dominated  by 
the  junction  between  the  metal  and  the  accumulation  layer  which  forms  above  the  top  barrier 
layer.  The  voltage  applied  to  the  gate  modulates  the  quasi  two-dimensional  electron 
accumulation  layer  in  a  fashion  analogous  to  the  gate  modulation  of  bulk  semiconductor  in 
conventional  vertical  field  effect  transistors  [5].  The  advantages  of  using  the  double  barrier 
resonant  tunneling  structure  include  more  efficient  modulation  of  the  2-DEG  and  ballistic 
transport  across  the  depletion  layer.  Furthermore,  the  presence  of  the  negative  differential 
resistance  region  in  the  SG-RTT  naturally  leads  to  applications  in  high  speed,  highly  functional 
digital  logic  circuits  and  high  speed  switching  applications. 

Recently,  we  fabricated  SG-RTT  devices  using  the  Al.3Ga.7As/Ga  As  double-barrier 
resonant  tunneling  structure,  shown  in  Fig.  1  (right),  which  was  grown  by  molecular  beam 
epitaxy  on  a  semi-insulating  (SI)  GaAs  substrate  [6].  The  fabrication  was  performed  using  UV 
contact  lithography  for  the  drain,  interconnect  and  isolation  levels.  Electron  beam  lithography 
was  used  to  define  the  source  and  gate  features.  Chemically-assisted  ion  beam  etching  was  used 
with  the  source  metal  as  mask  to  form  the  source  mesa,  thereby  removing  the  n+  GaAs  prior  to 
plating  the  gate.  A  second,  shallow  CAIBE  etch  was  performed  through  the  gate  PMMA  to 
expose  the  sidewall  of  the  low-doped  double- barrier  structure,  and  Pt/Au  metals  were  pulse- 
electroplated  into  the  trench.  Interconnect  metals  were  evaporated  using  the  lift-off  technique 
and  a  final  wet  etch  was  performed  to  the  semi-insulating  substrate,  underetching  the 
interconnects  leads,  thereby  isolating  the  source  and  gate  contact  pads  from  the  drain  ohmic 
contacts.  A  scanning  electron  micrograph  of  the  SG-RTT  is  shown  in  Fig.  2.  The  final  device 
dimensions  on  the  mesa  (see  Fig.  1)  were  W=16|am,  Lgg  =  1.3|im,  Ls=0.5fim  and 
Ldd  =  6  (im. 
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Fig.  2.  Scanning  electron  micrograph  of  the  SG-RTT.  The  mesa  ( center )  is  shown  with  drain 
pad  (top  and  bottom),  gate  pad  (left)  and  source  pad  (right)  contacts. 

Room  temperature  I-V  characteristics  of  the  SG-RTT  are  shown  in  Fig.  3.  For  these 
measurements,  an  HP4145  semiconductor  parameter  analyzer  was  used  and  the  gate  compliance 
was  5  pA  (left)  and  10  pA  (right).  The  gate  voltage  was  varied  from  0.0  to  1.0  V  in  0.25  V  steps 
(left)  and  from  -1.0  V  to  1.0  V  in  0.5  V  steps  (right).  The  specific  extrinsic  (small  signal) 
transconductance,  gm,  had  a  broad  peak  below  the  peak  voltage,  exceeding  100  mS/mm  near 
Vds  =  1  V.  Other  devices  had  gm  in  excess  of  200  mS/mm  [6].  These  gm  values  are  the  highest 
reported  to  date  in  RTT  devices  having  Schottky  gate  modulation.  The  peak  current  density  was 
2.7  x  104  A/cm2  at  zero-gate  bias  and  higher  under  forward  gate-bias.  The  gate  current  was 
intentionally  limited  to  small  values  to  illustrate  the  "current  gain",  defined  as  AId/AIg  where  AIg 
is  the  gate  compliance.  This  current  gain  is  of  order  100  in  these  devices.  We  also  note  that  the 
peak  voltage  shifted  to  higher  Vds  values  at  high  gate  bias.  We  investigated  the  current 
switching  near  the  peak  voltage  (between  peak  and  valley  voltage)  and  measured  current 
changes  of  up  to  1.25  mA  (78  mA/mm)  over  only  1  mV  change  in  gate  voltage  [6],  This 
switching  characteristic  of  the  SG-RTT  may  be  useful  for  high  speed  square-wave  generation 
where  the  dc  biased  transistor  amplifies  a  (e.g.  sinusoidal)  input  signal  through  a  load  resistance. 

Although  these  prototype  devices  were  not  optimized  for  high  frequency  operation,  it  is 
interesting  to  estimate  the  ft  of  these  devices.  We  model  Cgs  similar  to  capacitance  of  the 
metal/2-DEG  diode  [1].  Assuming  an  accumulation  layer  carrier  density  of  1  x  1012  cm”2,  we 
estimate  Cgs  to  be  roughly  100  fF/mm.  The  gate-drain  capacitance,  Cgd,  is  modeled  as  a 
parallel-plate  capacitance  of  roughly  500  fF/mm  for  a  gate  length  of  about  0.5  pm.  Thus,  we 
crudely  estimate  ft  =  gm/27t(Cgs  +  Cgd)  =25  GHz  in  in  this  prototype  device.  By  reducing  the 
gate  length  to  0.1  pm,  by  reducing  the  gate-to-gate  length  Lgg  to  about  0.5  pm  and  by  using 
higher  peak  current  density  material,  ft  values  of  order  500  GHz  should  be  possible. 
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Fig.  3.  Room  temperature  Id  -  Vds  characteristics  of  the  SG-RTT  for  different  gate  voltage 
ranges  and  gate  compliance. 

HI.  NOVEL  2-D  METAL-SEMICONDUCTOR  FIELD  EFFECT  TRANSISTOR 

A  schematic  of  the  2D-MESFET  is  shown  in  Fig.  4.  The  Al.27Ga.73As/GaAs  modulation- 
doped  structure  was  grown  by  molecular  beam  epitaxy  on  a  semi-insulating  GaAs  substrate.  oThe 
2- DEG  forms  at  the  top  of  a  2  pm  undoped  GaAs  layer  and  is  separated  from  a  300  A  n+ 
AlGaAs  layer  (ns  =  1.5  x  1018  cm”3)  supply  layer  by  a  30  A  undoped  A1 27Gaj3As  spacer  layer. 
A  200  A  GaAs  cap  layer  of  doping  density  ns  =  1  x  1017  cm”3  serves  as  the  top  gate  contact 
layer.  The  2-DEG  sheet  concentration  and  mobility  at  room  temperature  were  7  x  1011  cm”2 
and  7700  cm2/V-s,  respectively.  The  source  and  drain  Ni/Ge/Au  metalization  was  performed 
using  standard  evaporation  and  lift-off  techniques.  The  side  gate  was  formed  by  etching  a  trench 
through  the  2-DEG  layer  and  electroplating  Pt/Au  into  the  trench.  The  next  step  involved  Cr/Au 
metalization  to  form  pads  for  device  probing.  In  this  metalization  step,  a  top  (MODFET-like) 
gate  is  also  formed  and  serves  to  modulate  the  2-DEG  concentration.  The  final  fabrication  step 
is  an  isolation  etch  to  the  SI  substrate.  This  etch  forms  "air-bridge"  leads  between  gate  Schottky 
metal  and  the  gate  contact  pad.  The  nominal  2-DEG  channel  dimensions  (see  Fig.  4)  were 
W0  =  3  pm  and  Lsd  =  20  pm.  The  gate  length  Lg  was  10  pm  and  the  gate-to-gate  distance  was 
about  1  pm. 

The  room  temperature  I-V  characteristics  were  measured  using  an  HP4145B  semiconductor 
parameter  analyzer.  First,  the  top  gate  was  biased  over  the  range  -0.5  V  to  0.3  V  in  0.1  V  steps 
while  the  side  gate  was  held  constant  at  0  V.  These  "MODFET-like"  characteristics  are  shown 
in  Fig.  5  (left).  Pinch-off  occurred  at  VgiSide  =-0.5  V.  Next,  the  top  gate  voltage  was  held 
constant  at  Vgit0p  =  0-3  V  and  the  side  gate  voltage  was  varied  from  0  V  to  -7.0  V,  resulting  in 
the  characteristics  shown  in  Fig.  5  (right).  When  the  top  gate  was  biased  at  0  V,  the  side  gate 
achieved  pinch-off  at  about  -7  V,  due  to  lower  electron  sheet  density  beneath  the  top  gate.  The 
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Fig.  4.  Schematic  of  2D-MESFET  with  novel  metal/2-DEG  junction  side  gate.  Cross- 
sectional  view  (right)  illustrates  how  the  side- gate  modulates  the  channel  width. 


Drain-Source  Voltage  (V)  Drain-Source  Voltage  (V) 

Fig.  5.  2D-MESFET  Id  -  Vds  characteristics  at  300  K.  (Left)  Vg;top  ranges  from  0.3  V  to  -0.5 
V  (-0.1  V  step)  with  side  gate  bias,  VgjSide  =  0  V.  (Right)  Vg>side  ranges  from  0  to  -7  V 
(-1  V  step)  with  top  gate  bias,  Vgitop  =  0.3  V. 


current  modulation  in  Fig.  5  (right)  is  in  good  agreement  with  our  charge  control  model  for  the 
new  side  gate  contact.  Finally,  we  compared  the  subthreshold  slope  for  the  case  when  the  side 
gate  was  allowed  to  float  and  the  case  when  the  side  gate  was  biased  simultaneously  with  the  top 
gate.  We  found  that  the  subthreshold  slope  was  larger  in  the  latter  case,  indicating  that  the  side 
gate  has  a  better  pinch-off  characteristic.  This  effect  will  be  much  more  dramatic  in  scaled 
devices  and  should  permit  operation  of  the  2-D  MESFET  at  much  lower  currents,  resulting  in  a 
large  reduction  in  the  power  consumption  in  integrated  circuits. 
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IV.  SUMMARY 


We  have  reported  results  for  two  new  field  effect  transistors  based  on  the 
heterodimensional  metal/2-DEG  junction  gate.  This  junction  is  formed  using  an  electroplate 
technique  developed  at  the  University  of  Virginia.  In  the  Schottky-gated  Resonant  Tunneling 
Transistor  (SG-RTT),  the  gate  modulates  the  area  of  the  quasi-two-dimensional  electron 
accumulation  layer  above  the  top  barrier  in  a  AlGaAs/GaAs  double-bamer  resonant  tunneling 
heterostructure.  In  this  fashion,  the  gate  modulates  the  tunneling  current.  The  SG-RTT 
exhibited  high  transconductance  in  excess  of  100  mS/mm  at  room  temperature  and  also 
exhibited  a  positive  shift  in  the  peak  voltage  at  high  forward  gate  bias.  This  latter  characteristic 
may  be  useful  for  high  speed  switching  applications.  We  also  presented  first  results  of  a  novel 
2-dimensional  metal- semiconductor  field  effect  transistor  (2-D  MESFET)  in  which  the  2-DEG 
channel  width  is  modulated  by  a  metal/2-DEG  side  gate.  We  observed  better  pinch-off  by  the 
side  gate  compared  to  that  for  a  MODFET-like  gate  in  the  same  device.  With  appropriate 
scaling,  this  device  should  operate  at  much  lower  current  than  conventional  transistors,  leading 
to  much  lower  power  consumption  in  integrated  circuits. 
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ABSTRACT 


Significant  improvements  in  the  reliability  as  well  as  yield  and  reproduceability  of  GaAs  planar  doped 
barrier  (PDB)  microwave  detector  diodes  have  been  achieved  by  substituting  carbon-doped  acceptor 
regions  in  place  of  conventional  beryllium  acceptor  dopant.  The  superior  characteristics  of  the  C-doped 
PDB  diodes  are  thought  to  be  related  to  the  hyperabrupt  and  stable  carbon  acceptor  doping  spikes  (10- 

60 A)  obtained  in  the  n  +  -i-p  +  -i-n  *  doping  profde  grown  by  molecular  beam  epitaxy  (MBE).  Mesa 
geometry  PDB  diodes  (10-20  micron  diameter)  in  micropill  packages  were  RF  tested  at  10  and  35GHz. 
Excellent  tangential  sensitivity  up  to  -58dBm  was  measured  with  a  detector  video  impedance  of  2- 
50kohms  depending  upon  barrier  height.  The  electrostatic  discharge  (ESD)  failure  threshold  voltages 
were  found  to  be  much  higher  for  the  PDB  diodes  (3500V)  in  comparison  to  Schottky  detector  diodes 
(300V). 


I.  INTRODUCTION 


Planar  doped  barrier  (PDB)  diodes  *‘3  are  promising  new  devices  for  replacement  of  point  contact  and 
Schottky  diodes  for  microwave  detector  and  mixer  applications.  PDB  diodes  have  demonstrated  excellent 

performance  as  detectors  up  to  94GHz^  and  as  subharmonic  mixers  at  140GHz^.  The  key  advantages  of 
the  PDB  diode  are  that  the  barrier  height  can  be  readily  designed  for  particular  applications  (i.e.,  for  low 
drive  mixers  or  zero-bias  detectors)  and  the  asymmetry  in  the  current  rectification  can  also  be  varied.  In 
addition,  PDB  diodes  have  been  reported  to  have  lower  1/f  noise  and  higher  resistance  to  electrostatic 
discharge  (ESD)  failure  than  Schottky  diodes^.  Recent  work  has  focussed  on  the  reliability  and 

manufacturability  of  these  devices^.  This  paper  discusses  the  performance  and  reliability  of  GaAs  PDB 
diodes  using  carbon-doped  acceptor  regions. 


II.  PDB  DIODE  STRUCTURE 


The  doping  profile  and  the  conduction  band  energy  diagram  for  a  PDB  diode  is  shown  in  Figure  1(a)  and 

1(b),  respectively.  The  PDB  structure  consists  of  an  n  +  -i-p  +  -i-n+  doping  profile  in  which  an 
extremely  thin  (l-10nm)  acceptor  region  is  placed  within  an  intrinsic  (nominally  undoped)  region 
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bounded  by  two  donor  contact  regions.  The  typical  doping  densities  for  the  n  and  p~*~  regions  are  1- 
5xl018cm"3.  The  thin  acceptor  spike  is  fully  ionized  forming  a  negative  space  charge  region  which  is 
compensated  by  positive  space  charge  induced  at  the  edges  of  the  n+  contact  regions.  This  results  in  a 
triangular  conduction  band  energy  profile  as  shown  in  Figure  1(b)  whose  height  and  shape  are 
determined  by  the  sheet  acceptor  concentration  and  its  positioning  within  the  intrinsic  region.  A  highly 

rectifying  PDB  diode  is  made  by  placing  the  acceptor  spike  closer  to  one  of  the  n+  contact  regions.  The 
barrier  height,  0B,  and  capacitance,  C,  of  the  PDB  diode  are  given  approximately  by  the  following 

expressions: 

0B  =  qNAXA  ML2  (1)  C=  Ea  (2) 

E  (Lj+L2)  (Lj+L2) 


where  NAXA  is  the  acceptor  region  doping-thickness  product,  Lj  and  L2  are  the  intrinsic  region  widths, 

a  is  the  diode  area,  q  is  the  electronic  charge,  and  E  is  the  dielectric  permittivity.  Molecular  beam 
epitaxy  (MBE)  is  used  to  grow  these  structures  at  slow  growth  rates  (approximately  2.8  Angstroms/sec) 
in  order  to  achieve  precise  control  over  the  thicknesses  and  doping  levels  in  the  PDB  diode. 


A  schematic  cross-section  of  a  PDB  diode  is  illustrated  in  Figure  2.  Shallow  mesas  are  fabricated  using 
wet  chemical  etching  with  diameters  of  10-25  microns.  AuGeNi-Au  contacts  are  formed  to  the  top  anode 
contact  and  the  sidewalls  are  passivated  with  silicon  nitride.  The  wafer  is  thinned  to  100  microns  and  a 
backside  contact  of  AuGeNi-Au  is  formed.  The  wafer  is  diced  and  the  individual  diodes  are  thermo- 
compression  bonded  in  ceramic  micropill  packages. 


III.  CHARACTERIZATION  OF  C  AND  Be  ACCEPTOR  DOPANTS 


The  first  GaAs  PDB  diodes  were  grown  using  beryllium  and  silicon  for  the  acceptor  and  donor  dopants, 
respectively.  It  was  found  experimentally  that  it  was  very  difficult  to  reproduce  the  barrier  heights  and  I- 
V  characteristics  of  PDB  diodes  using  Be.  Furthermore  the  diodes  were  found  to  degrade  rapidly  under 
high  temperature  reverse  bum-in.  Similar  phenomena  has  also  been  seen  in  AlGaAs/GaAs  heterojunction 
bipolar  transistors  (HBT)  and  has  been  attributed  to  Be  diffusion  under  current  stressing  causing  p-n 
junction  shifts.  Carbon  evaporated  from  a  heated  graphite  filament8"9  has  been  used  as  an  acceptor 
dopant  in  the  MBE  growth  of  GaAs.  It  has  been  shown  that  the  C  diffusion  coefficient  in  GaAs  is  much 
lower  than  Be  presumably  due  to  the  strong  tetrahedral  Ga-C  bonds  (diamond-like)  in  the  crystal. 


A  comparison  of  the  diffusion  coefficients  of  C  and  Be  during  growth  was  analyzed  using  a  test  sample. 
Two  delta-doped  spikes  of  both  C  and  Be  (deposited  during  growth  interruption)  were  placed  in  the 
middle  of  500A  thick  Alo.3Gao.7As  layers  grown  at  580C.  A  piece  of  this  sample  was  cleaved  off  and 
underwent  a  rapid  thermal  anneal  (RTA)  of  900C  for  15  seconds.  A  SIMS  analysis  of  the  samples  was 

done  using  an  0+  ion  beam  at  3keV  energy  to  obtain  high  resolution  depth  profiles.  The  resultant 
impurity  profiles  for  C  and  Be  are  shown  in  Figure  3(a)  and  3(b),  respectively.  It  is  seen  that  although 
the  nominal  sheet  acceptor  concentrations  are  the  same,  the  peak  Be  concentration  is  approximately  5 
times  lower  than  for  C.  Also  the  leading  edges  of  the  C  profiles  are  parallel  with  the  A1  signal. 
Together  this  implies  that  the  C  profile  is  atomically  abrupt  (as  is  known  for  the  A1  profile)  and  that 
significant  diffusion  of  Be  has  occurred  during  MBE  growth.  After  the  RTA,  there  is  no  indication  of  C 
diffusion.  In  contrast,  after  the  RTA  there  is  further  additional  diffusion  of  Be  leading  to  a  broader 
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profile.  This  data  suggests  that  C  is  preferred  over  Be  as  the  acceptor  dopant  in  GaAs  PDB  diodes  since 
hyperabrupt  and  stable  doping  spikes  can  be  obtained. 


A  SIMS  depth  profile  of  a  typical  PDB  diode  is  shown  in  Figure  4.  The  C-doping  spike  is  35A  wide  and 
the  undoped  region  widths  are  100A  and  2000A  resulting  in  a  highly  asymmetric  rectifying  diode.  The 
finite  width  of  the  C-doping  profile  is  due  to  SIMS  instumental  broadening  associated  with  the  sputtering 
rate  and  knock-on.  Also  to  be  noted  is  the  large  unintentional  C  contamination  at  the  epilayer-substrate 
interface.  This  can  be  minimized  by  using  ozone  cleaning  of  the  substrate  prior  to  epitaxial  growth. 

The  control  of  the  C-doping  concentration  and  barrier  height  was  examined.  A  series  of  PDB  diodes 
were  grown  using  a  fixed  C-doping  level  and  varying  the  growth  time  of  the  acceptor  spike  region.  The 
measured  log  I-V  characteristics  are  shown  in  Figure  5.  The  barrier  height,  0g,  can  be  determined  from 

the  extrapolated  saturation  current  at  zero-bias,  Iq.  From  the  inset  in  Figure  5,  it  is  seen  that  the 

calculated  barrier  heights  are  directly  proportional  to  the  growth  time  of  the  acceptor  spike  regions.  This 
is  expected  from  Equation  (1)  where  the  barrier  height  is  proportional  to  the  doping-thickness  product  of 
the  acceptor  spike  region.  From  this  data,  it  is  estimated  that  the  C-doping  level  is  controlled  to  within 

+  1-2%  which  corresponds  to  +/-  1°C  control  in  the  graphite  filament  temperature.  This  level  of 
doping  control  is  very  important  to  obtain  PDB  diodes  with  reproduceable  I-V  characteristics. 


IV.  DC  AND  RF  PERFORMANCE 


Zero-bias  PDB  detector  diode  chips  were  mounted  in  standard  ceramic  pill  packages  (ODS-119)  and 
tested  at  DC  and  for  RF  performance  at  X  and  Ka  band  frequencies.  Table  1  shows  the  typical  DC 
characteristics  of  these  diodes  which  exhibit  low  forward  turn-on  voltages  (0.06V  @  lOuA)  due  to  the 
low  designed  barrier  height  ((J)g  =  0.2V).  The  temperature  dependence  of  the  forward  voltage  (Vf  @ 

lOOuA)  for  zero-bias  PDB  and  high  barrier  Si  Schottky  diodes  is  illustrated  in  Figure  6.  The  zero-bias 
PDB  diodes  are  seen  to  be  less  sensitive  to  temperature  variation  than  Si  Schottky  diodes.  The  detected 
output  voltage  as  a  function  of  input  power  level  at  10  and  35GHz  is  given  in  Figure  7.  Table  2  shows 
the  video  impedance,  tangential  sensitivity,  and  detected  output  voltage  (@-10dBm)  at  10  and  35GHz. 
The  zero-bias  PDB  diodes  display  excellent  tangential  sensitivity  up  to  -58dBm  and  a  video  impedance  of 
2-50kohms  depending  upon  the  barrier  height.  The  video  bandwidth  was  2kHz  to  2MHz  and  the 
amplifier  noise  figure  was  2dB.  No  matching  circuit  or  tuner  was  used  to  optimize  the  measurement. 

Electrostatic  and  RF  burnout  are  important  parameters  for  microwave  diodes  in  many  applications.  The 
very  small  active  areas  of  PDB  and  Schottky  diodes  limit  their  power  handling  capability  and  make  them 
vulnerable  to  failure  caused  by  accidental  electrostatic  discharge  (ESD).  Zero-bias  PDB  and  equivalent 
Si  and  GaAs  Schottky  diodes  were  subjected  to  electrostatic  pulses  using  a  manual  ESD  simulator,  IMCS 
Model-700.  The  ESD  pulser  simulates  electrostatic  discharge  pulses  through  the  human  body.  The 
circuit  consists  of  a  lOOpF  capacitor  in  parallel  with  a  lOOOohm  resistor  and  discharges  in  less  than 
100ns.  The  diodes  were  also  tested  for  RF  burnout  at  10GHz  by  gradually  increasing  the  CW  power  to 
the  diodes.  The  results  of  these  tests  are  shown  in  Table  3.  It  is  seen  that  the  Schottky  diodes  can 
withstand  800-1500V  in  the  forward  direction  but  only  200-300V  in  the  reverse  direction.  The  zero-bias 
PDB  diodes  can  withstand  3500V  in  both  directions  making  them  far  more  rugged  against  ESD  failure 
compared  to  Schottky  diodes.  The  CW  bumout  level  for  zero-bias  PDB  diodes  is  similar  to  high  barrier 
Si  and  GaAs  Schottky  diodes  and  is  limited  to  the  maximum  power  dissipation  of  the  diodes  resulting  in 
metal  contact  failure. 


V.  SUMMARY 


Zero-bias  GaAs  planar  doped  barrier  detector  diodes  with  excellent  DC  and  RF  performance  at  10  and 
35GHz  have  been  demonstrated.  The  previous  problem  of  poor  reliability  and  reproduceability  of  the 
PDB  diode  I-V  characteristics  was  solved  by  substituting  carbon  for  the  conventional  beryllium  dopant  in 
the  thin  acceptor  spike  regions  grown  by  molecular  beam  epitaxy.  SIMS  analysis  has  shown  that  C- 
doping  spikes  are  extremely  abrupt  and  are  highly  stable  against  diffusion  compared  to  Be.  The 
threshold  voltages  for  electrostatic  discharge  (ESD)  failure  of  PDB  diodes  were  found  to  be  much  higher 
(3500V)  than  for  equivalent  Schottky  diodes  (300V)  offering  improved  reliability  in  many  systems 
applications. 
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DC  CHARACTERISTICS  OF  ZERO 
BIAS  PDB  DIODES 
(10  GHz-40  GHz  PILL  PACKAGE) 


Vf  @  10  mA 
Vf  @  100  pA 
vb  @  10  pA 
Cj  (Calculated) 

Rs 

Table  1 


0.06  volts 
0.14  volts 
1.0  volts 
60  fF 
15  ohms 


RF  PERFORMANCE  OF  ZERO 
BIAS  PDB  DODES 
(10  GHz-40  GHz  PILL  PACKAGE) 


Frequency 


10  GHz  35  GHz 


Video  Impedance 

Rv 

Tangential  Sensitivity 
1"ss 

Voltage  Output 
@-10  dBm 


2-50  kohms 
-50  to  -58  dBm 
80  mV 

Table  2 


2-50  kohms 
-50  to  -58  dBm 
65  mV 


ELECTROSTATIC  AND  CW  BURNOUT  AT  10  GHz 


Low  Barrier 

Med.  Barrier 

High  Barrier 

GaAs 

GaAs  PDB 

Si-Schottky 

Si-Schottky 

Si-Schottky 

Schottky 

(Zero  Bias) 

Vf  @  1  mA  (volts) 

0.4 

0.55 

0.7 

0.72 

0.2 

Vb  @  10  pA  (volts)  3 

5 

7 

7 

1 

Ct  (pF) 

Electrostatic 
Pulses  (3) 

0.1 

0.1 

0.1 

0.1 

<  0.1 

Forward  (volts) 

800 

1100 

1500 

900 

3500 

Reverse  (volts) 

300 

300 

300 

200 

3500 

CW  (watts) 

0.2-0. 4 

0.3-0. 5 

0.4-0. 6 

0.4-0. 6 

0.4-0. 6 

Table  3 
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TEMPERATURE  DEPENDENCE  OF 
GaAs  PDB  AND  Si  SCHOTTKY 
DIODE  OUTPUT  VOLTAGE 


GaAs  ZERO  BIAS  PDB  DETECTOR  DIODE 


Output  Voltage  vs  RF  Power 


Input  Power  (dBm) 


Figure  7 
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ABSTRACT 

We  have  fabricated  a  novel  type  of  interband  resonant  tunnel  diode 
by  MBE  growth  of  a  superlattice,  each  period  of  which  consists  of 
layers  of  GaSb,  AlSb  and  InAs.  The  diode  is  designed  to  conduct  in 
forward  bias  by  resonant  interband  tunneling,  so  that  the  entire 
stack  appears  to  be  a  short  circuit.  Reverse  bias  current  is  impeded 
by  band  gap  blocking.  The  reverse  breakdown  voltage  varies  with  the 
number  of  periods,  with  each  period  capable  of  blocking  about  0.4  V. 
A  four  period  diode  conducts  5000  A/cm2  at  less  than  0.3  V  of 
forward  bias. 


INTRODUCTION 


It  is  well  known  that  the  current-voltage  characteristic  of  tunnel 
diodes  and  backward  diodes  can  exhibit  greater  curvature  than  that 

of  thermal  diodes  such  as  PN  junction,  schottky  barrier  and  PIN 

diodes  [1,  2],  and  can  thus  give  a  lower  turn-on  voltage.  However 

tunnel  diodes  cannot  block  more  than  about  1  V  in  the  off  state 

because  of  thermal  injection  current.  We  have  fabricated 
superlattice  interband  resonant  tunnel  diodes  designed  to  use 
resonant  interband  tunneling  to  maintain  the  large  IV  curvature  and 
low  turn-on  voltage  of  a  tunnel  diode  while  using  band  gap  blocking 
to  provide  moderate  reverse  breakdown  voltages. 
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The  diode  is  made  from  repeated  layers  of  InAs,  AlSb  and  GaSb.  This 
material  system  has  been  of  interest  recently  because  the  valence 
band  edge  of  GaSb  is  0.14  eV  above  the  conduction  band  edge  of  InAs, 
and  a  number  of  devices  based  on  interband  tunneling  between  InAs 
electrons  and  GaSb  light  holes  have  been  made  [3-8].  The  energy  band 
diagram  for  one  of  the  diodes  we  fabricated  is  shown  in  Figure  1. 
Conduction  occurs  in  the  on  state  by  tunneling  of  electrons  from  the 
GaSb  valence  band  through  the  AlSb  barrier  into  the  InAs  conduction 
band,  followed  by  recombination  with  light  holes  in  the  next  layer  of 
GaSb.  The  widths  of  the  quantum  wells  in  the  InAs  conduction  band 
and  the  GaSb  valence  band  are  designed  so  that  the  InAs  electron  and 
GaSb  light  hole  quasi-stationary  states  line  up  with  no  voltage 
applied  across  the  diode.  This  allows  the  diode  to  take  advantage  of 
resonant  interband  tunneling.  Conduction  in  the  off  state  is 
prevented  by  band  gap  blocking.  A  bias  that  tends  to  make  InAs 
conduction  band  electrons  tunnel  across  the  AlSb  to  recombine  with 
GaSb  holes  causes  misalignment  of  the  quasi-  stationary  states  and 
lines  up  the  InAs  conduction  band  with  the  band  gap  of  GaSb  to 
prevent  tunneling. 

We  imposed  two  conditions  to  obtain  the  widths  of  the  two  quantum 
wells  in  our  initial  design:  1)  the  sum  of  the  energies  of  the  quasi- 
stationary  light  hole  state  Eh  and  the  electron  state  Ee  must  equal 
the  0.14  eV  difference  between  the  GaSb  valence  band  edge  and  the 
InAs  conduction  band  edge,  and  2)  the  slopes  of  the  wave  function 
envelopes  in  the  InAs  conduction  band  and  GaSb  valence  band  satisfy 
the  boundary  condition  at  the  InAs/GaSb  heterojunction: 


I  (1/m  h)  (dx^/dx)  I  =  I  (1/m*  )  (d  ^  /dx)  I  (1) 

where  the  subscripts  h  and  e  refer  to  GaSb  light  holes  and  InAs 
conduction  band  electrons  respectively.  The  effective  masses  of 
0.056  mo  for  light  holes  in  GaSb  and  0.023  mo  for  electrons  in  InAs 
with  equation  (1)  lead  to 

W2  =  2.435  wi 
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for  the  second  condition,  where  wi  and  W2  are  the  widths  of  the 
GaSb  and  InAs  quantum  wells  respectively.  We  assumed  a  quadratic 
relation  between  well  width  and  energy  level  and  used  the  bound 
state  energies  of  0.18  eV  for  light  holes  in  a  3  nm  GaSb  quantum 
well  [6]  and  0.05  eV  for  electrons  in  a  15  nm  InAs  quantum  well  [7] 
to  arrive  at  wi  =  5.01  nm  and  W2=  12.20  nm.  The  energies  Ei  and  E2 
of  the  GaSb  and  InAs  quasi-stationary  states  are  0.065  eV  and  0.075 
eV  respectively.  The  AlSb  barrier  thickness  was  chosen  to  be  2.5  nm 
in  order  to  give  forward  bias  current  densities  of  several  hundred 
A/cm2  [6]. 


EPITAXIAL  GROWTH  AND  DIODE  FABRICATION 


All  of  the  diode  wafers  were  grown  by  molecular  beam  epitaxy  on 
InP  substrates  in  a  Perkin-Elmer  430  MBE  system.  We  grew  a  thick 
buffer  layer  between  the  InP  substrate  and  the  active  diode  layers  in 
order  to  relieve  the  4%  strain.  The  buffer  was  made  by  the 
sequential  growth  of  the  following:  500  nm  of  N+  Gao.47lno.53As,  a 
five  period  superlattice  each  period  of  which  contained  two 
monolayers  of  Gao.47lno.53As  followed  by  two  monolayers  of  InAs, 
and  a  thick  layer  of  InAs  N  doped  at  1018  cm'3.  We  then  grew  the 
active  diode  layers  (superlattice)  followed  by  a  200  nm  N+  InAs  cap 
layer.  Diode  wafer  no.  1  was  fabricated  with  two  periods,  wafer  no. 

2  with  four  periods  and  wafer  no.  3  with  eight  periods. 

The  diodes  were  fabricated  with  a  wet-etch  mesa  process.  The  etch 
bath  consisted  of  H2O2,  H2SO4  and  H2O  in  a  1:1:100  solution.  The 
bottom  N+  layer  and  the  bottom  ohmic  contact  metal  was  common  to 
all  of  the  diodes.  The  anode  and  cathode  contact  metallizations  both 
consisted  of  100  nm  of  AuGe,  deposited  by  e-  beam  evaporation  and 
patterned  by  lift-off.  The  contacts  were  not  alloyed. 

A  non-self  aligned  process  was  used  for  wafer  no.  1  which  resulted 
in  a  resistance  between  the  diode  mesa  and  the  cathode  contact 
metal  of  about  100  Q  that  dominated  the  IV  characteristics  (Figure 
2).  Wafers  nos.  2  and  3  were  processed  in  a  self-aligned  manner, 
using  the  anode  metal  as  the  mask  for  the  cathode  metal  deposition. 
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ELECTRICAL  MEASUREMENTS 


The  IV  characteristics  and  MBE  profile  of  a  500  pm2  diode  from 
wafer  no.  1  are  shown  in  Figure  2.  The  reverse  current  for  the  diode 
shows  two  negative  differential  resistance  (NDR)  regions.  The  first 
NDR  region  is  caused  by  band  gap  blocking  in  the  vicinity  of  the 
bottom  AlSb  layer  as  indicated  in  Figure  2c.  After  the  reverse 
current  is  reduced  by  bandgap  blocking,  further  increases  in  reverse 
bias  voltage  cause  the  reverse  current  to  again  increase  with  bias.  A 
reverse  bias  voltage  increment  of  about  0.4  V  is  required  to 
overcome  the  band  gap  blocking.  This  voltage  is  comparable  in 
magnitude  to  the  InAs  room  temperature  energy  gap  of  0.36  eV  and 
indicates  that  thermal  injection  of  holes  from  the  GaSb  and  AlSb 
valence  bands  into  the  InAs  valence  band  is  the  mechanism  by  which 
the  reverse  current  increase  is  resumed. 

The  second  NDR  for  fhe  diodes  in  wafer  no.  1  occurs  at  a  larger 
current  density.  The  band  gap  blocking  that  causes  the  second 
reverse  bias  cutoff  occurs  at  the  uppermost  AlSb  layer  in  the  diode, 
as  indicated  in  Figure  2c.  The  current  before  cutoff  is  large  because 
there  is  no  quasi-stationary  state  in  the  top  InAs  layer. 

A  region  of  NDR  is  also  observed  in  forward  bias.  This  NDR  is  due  to 
blocking  at  the  upper  InAs/GaSb  heterojunction  [8j. 

Figures  3a  and  3b  show  the  IV  characteristics  for  four  period  diodes 
(wafer  no.  2)  and  eight  period  diodes  (wafer  no.  3)  respectively.  The 
diodes  have  anode  contacts  that  are  100  jim2.  The  IV  curves  for  the 
diodes  on  wafers  2  and  3  are  dominated  by  the  intrinsic  diode 
characteristics  rather  than  parasitic  resistance.  The  lower 
resistance  in  wafers  2  and  3  is  due  to  the  self-aligned  process  that 
was  used.  However,  some  resistance  remains  because  of  contact 
resistance  between  the  tungsten  probe  tips  and  the  gold 
metallization  and  also  because  of  the  wet  etch  undercut  of  the  anode 
contact  metal.  We  estimated  the  probe  contact  resistance  to  be  20  Q 
and  the  spreading  resistance  due  to  undercut  to  be  20  Q  for  wafer  2 
and  60  ;□  for  wafer  3. 
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The  four  period  diode  gives  a  forward  current  of  5  mA  at  a  forward 
voltage  of  0.3  V.  Most  of  the  voltage  drop  is  due  to  contact  and 
spreading  resistance.  The  eight  period  diode  gives  a  forward  drop  of 
0.75  V.  We  believe  the  parasitic  resistance  of  the  eight  period 
diodes  was  large  because  of  severe  undercutting  of  the  anode 
contact  during  the  mesa  etch.  An  anisotropic  etching  process  is 
needed  to  optimize  the  diode  structure. 

The  reverse  characteristics  of  the  four  and  eight  period  diodes  are 
similar  in  nature.  The  reverse  current  increases  with  reverse  bias 
until  band-gap  blocking  at  one  of  the  GaSb/AISb/lnAs  sections 
prevents  InAs  conduction  band  electrons  from  entering  the  GaSb 
valence  band  and  causes  NDR  to  occur.  A  negative  bias  increase  of 
about  0.4  V  then  causes  injection  of  holes  into  the  InAs  valence  band 
to  overcome  the  bandgap  blocking  and  the  current  increases  until 
bandgap  blocking  occurs  at  another  section  of  the  diode.  Since  all  the 
sections  are  similar  in  design,  the  bandgap  blocking  occurs  at 
similar  currents,  giving  the  reverse  diode  characteristic  the 
sawtooth  appearance  seen  in  Figures  3a  and  3b.  The  sawtooth 
characteristic  has  potential  applications  for  high  speed  circuits 
[9,10]  The  looping  seen  in  Figure  3  is  caused  by  interaction  of  the 
diode  NDR  with  the  inductance  of  the  curve  tracer  leads. 


CONCLUSION 


We  have  fabricated  GaSb/AISb/lnAs  superlattice  rectifying  diodes 
on  InP  substrates  with  a  self-aligned  wet  etch  process.  The  diodes 
can  block  more  than  1 .5  V  in  the  reverse  direction  while  conducting 
5,000  A/cm2  in  the  forward  direction  with  a  forward  voltage  drop 
of  less  than  0.3  V.  We  have  also  fabricated  diodes  capable  of 
blocking  more  than  3  V  of  reverse  bias.  The  forward  voltage  drops 
are  larger  than  is  desirable,  but  improvement  can  be  expected  from 
more  heavily  doped  contact  layers,  anisotropic  etching  for  self- 
aligned  contacts,  thinner  barrier  layers  and  doped  InAs  and  GaSb 
quantum  wells.  Reductions  in  the  reverse  current  can  be  expected 
from  reductions  in  the  InAs  and  GaSb  quantum  well  thicknesses. 
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a)  IV  Characteristic  of  a  Two  Section  InAs/AISb/GaSb 
Diode  Showing  Band  Gap  Blocking  in  Forward  and  Reverse 
Direction,  b)  Magnified  Scale  IV  Curves  from  (a)  Showing 
First  and  Second  Cutoff  in  Reverse  Bias.  Second  Cutoff 
Occurs  at  Higher  Current  Density  because  of  Lack  of  InAs 
Stationary  State;  c)  Epitaxial  Structure  of  Two  Period 
Diode. 
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Figure  3.  IV  Characteristics  for  a)  Four  Section,  and  b)  Eight  Section 
InAs/AISb/GaSb  Rectifying  Diodes.  Note  that  Voltage 
Scale  is  Different  for  (a)  from  (b). 
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Abstract 


The  potential  of  InP  Gunn  devices  as  power  sources  in  the  fundamental  mode  at  D-band 
frequencies  (110  GHz  -  170  GHz)  is  investigated.  A  self-consistent  ensemble  Monte  Carlo 
model  has  been  developed  to  design  and  identify  suitable  structures  for  operation  in  this 
frequency  range.  Using  this  model  with  typical  InP  material  parameters  found  in  the  literature 
will  be  shown  to  give  results  inconsistent  with  experiment.  Based  on  experimental  results 
from  a  1.7  pm  long  Gunn  structure,  more  realistic  material  parameters  were  estimated.  The 
resulting  model  is  then  used  to  design  various  structures  with  active  regions  in  the  1  pm  range. 
In  particular,  two  structures,  one  with  a  flat  doping  profile  and  the  other  with  a  linearly  graded 
doping  profile,  were  fabricated  and  tested.  State-of-the-art  performance  from  these  structures 
operating  in  the  fundamental  mode  was  obtained  at  frequencies  ranging  from  108.3  GHz  to 
155  GHz  The  flat  structure  yielded  optimum  results  at  108.3  GHz  with  a  power  level  of  33 
mW  while  the  graded  structure  gave  20  mW  at  120  GHz,  17  mW  at  133  GHz,  10  mW  at  136 
GHz,  and  8  mW  at  155  GHz.  These  results  will  be  compared  with  the  model  predictions. 


1  Introduction 


Sources  for  power  generation  in  the  W-band  frequency  region  often  consist  of  two  terminal 
solid  state  devices.  Among  these  devices  Gunn  and  IMPATT  diodes  are  the  most  important 
with  Gunn  devices  suited  for  low  noise,  moderate  power  applications,  and  IMPATT  devices 
suited  for  high  power  applications.  At  higher  frequencies,  adequate  low-noise  sources  are  not 
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readily  available.  However,  this  is  not  due  to  a  lack  of  effort  but  rather  to  the  many  chal¬ 
lenging  problems  encountered.  These  problems  include  fabricating  and  packaging  devices  with 
increasingly  smaller  features,  designing  more  complex  circuits,  and  more  importantly  overcom¬ 
ing  fundamental  limitations  of  the  carrier  response  in  semiconductors  at  these  frequencies. 

In  this  paper,  InP  Gunn  devices  will  be  shown  to  be  capable  of  generating  adequate  amounts 
of  power  in  the  D-band  frequency  region  and  in  particular  in  the  140  GHz  atmospheric  window. 
Toward  this  goal,  a  physical  model  based  on  the  Monte  Carlo  technique  has  been  developed 
to  design,  simulate,  and  predict  the  performance  of  InP  Gunn  structures  at  high  frequencies. 
The  validity  of  the  model  is  found  to  be  strongly  dependent  on  the  use  of  appropriate  InP 
material  parameters.  These  parameters  were  estimated  from  a  comparison  between  the  model 
predictions  and  experimental  results  at  frequencies  in  the  W-band  region.  Two  InP  Gunn  struc¬ 
tures  were  then  designed  for  operation  in  the  D-band  region.  The  corresponding  experimental 
results  will  be  presented  and  compared  with  model  predictions 


2  Simulation  Model 

The  conversion  efficiency  and  the  output  power  of  the  InP  Gunn  structures  are  estimated  by 
considering  the  device  in  a  resonant  circuit  represented  by  a  load  resistance  and  a  resonating 
inductance.  The  effects  of  contact  resistances,  substrate  resistances,  and  skin  effect  losses  are 
represented  in  the  resonant  circuit  by  a  series  resistance.  The  Gunn  device  itself  is  represented 
by  a  nonlinear  admittance  consisting  of  a  negative  conductance  and  a  capacitive  reactance. 
The  admittance  is  obtained  from  a  characterization  of  the  internal  transport  dynamics  in 
response  to  the  applied  voltage  across  the  device.  For  this  analysis,  a  model  based  on  the 
self-consistent  ensemble  Monte  Carlo  technique  is  employed  [1],  A  sinusoidal  RF  voltage 
superimposed  on  a  dc  voltage  is  applied  across  the  device.  The  current  response  over  many 
RF  periods  is  then  obtained  from  the  Monte  Carlo  simulation.  The  current  is  Fourier  analyzed 
and  the  fundamental  component  is  used  to  estimate  the  device  admittance.  The  next  section 
discusses  the  important  issue  of  the  relation  between  InP  material  parameters  and  the  accuracy 
of  the  Monte  Carlo  model. 


3  Overview  of  InP  Material  Parameters 

Before  proceeding  to  device  simulation,  It  is  appropriate  to  overview  the  currently  used  InP 
material  parameters.  Table  1  lists  some  parameters  relevant  to  the  Monte  Carlo  method  as 
found  in  the  literature.  There  is  a  wide  range  of  values  for  many  parameters  important  to 
the  Gunn  effect.  In  particular,  there  is  more  than  an  order  of  magnitude  uncertainty  in  the 
T-to-L  intervalley  coupling  constant.  A  method  often  employed  to  determine  these  parameters 
consists  of  fitting  experimental  data  to  the  Monte  Carlo  generated  velocity  versus  electric  field 
characteristics.  As  pointed  out  by  Fischetti  [6],  some  of  the  experimental  data  are  relatively 
insensitive  to  some  of  the  scattering  parameters,  such  as  T-to-L  deformation  potential  based 
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on  the  velocity-field  characteristics.  On  the  other  hand,  the  Gunn  effect  is  very  sensitive  to  the 
rate  of  intervalley  transfer  and  therefore  to  the  intervalley  deformation  potential.  This  suggests 
that  more  accurate  estimation  of  these  parameters  is  possible  by  comparing  experimental  data 
from  Gunn  devices  at  high  frequencies  with  model  predictions. 


Reference 

f2] 

[3] 

[4] 

[5] 

[6] 

this  work 

Energy  Separation  (eV) 

T-L 

0.54 

0.6 

0.6 

0.6 

0.832 

0.4 

r-x 

0.775 

0.8 

0.3 

1.5 

0.775 

Effective  Mass  (^) 

r 

0.078 

0.068 

0.08 

0.082 

0.082 

L 

0.26 

0.4 

0.4 

0.4 

0.353 

0.5 

X 

0.325 

0.4 

0.4 

0.46 

0.5 

Non  para  bolicity  factor 
(^y) 

r 

0.83 

0.635 

0.85 

0.83 

L 

0.23 

0.0 

0.33 

0.23 

X 

0.38 

0.38 

Intervalley  Coupling  Constant 
(10^  eV/cm) 

r-L 

1.0 

0.44 

0.1 

2.5 

0.506 

1.0 

r-x 

1.0 

0.43 

1.0 

0.498 

1.0 

L-X 

0.9 

0.367 

0.468 

0.468 

L-L 

1.0 

0.246 

0.41 

0.575 

0.575 

x-x 

0.9 

0.46 

0.28 

0.28 

Acoustic  Deformation 

Potential  (eV) 

r 

8 

7 

5 

5.0 

L 

8 

12 

5 

5.0 

X 

8 

5 

5.0 

LO  Phonon  Energy  (eV) 

r 

0.043 

0.043 

0.0424 

0.043 

L 

0.0423 

0.0423 

X 

0.0416 

0.0416 

Static  Dielectric  Constant 

12.35 

12.37 

12.35 

12.61 

12.61 

Optical  Dielectric  Constant 

9.52 

9.61 

9.52 

9.61 

9.61 

Table  1:  InP  Material  Parameters  from  the  literature  and  this  work. 


4  More  Appropriate  InP  Material  Parameters 

The  doping  profile  of  an  InP  Gunn  structure  to  be  used  for  such  a  comparison  is  shown  in 
figure  1.  It  has  a  1.7  fi m  long  active  doped  at  1  x  1016  cm-3,  a  0.1  /tm  long  cathode  region 
doped  at  3  x  1017  cm"3,  and  a  0.2  fxm  long  anode  region  doped  at  3  x  1017  cm"3.  An  InP 
wafer  with  this  structure  has  been  processed.  Devices  with  various  sizes  have  been  mounted 
on  copper  heat  sinks.  Tapered  leads  were  thermocompression  bonded  to  the  diode  and  to 
four  metallized  quartz  standofFs.  For  some  devices,  metallized  quartz  rings  were  used  instead 
of  the  standofFs.  A  50-^m  device  was  tested  in  a  W-band  resonant  cavity  with  the  following 
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results:  40.0  mW  output  power  at  an  oscillation  frequency  of  80.0  GHz  and  an  efficiency  of 
1.6  %.  The  bias  voltage  was  5.0  V  and  the  dc  current  was  500  mA.  The  structure  shown  in 
figure  1  is  simulated  using  the  Monte  Carlo  model.  The  dc  bias  voltage  is  set  to  5.0  V  and 
the  temperature  to  450  K.  A  starting  set  of  material  parameters  is  taken  from  reference  [6] 
in  table  1.  No  oscillations  were  obtained  with  these  values  for  frequencies  ranging  from  75 
GHz  to  120  GHz.  Upon  examining  these  parameters,  it  appears  that  the  T  —  L  intervalley 
energy  separation  of  0.832  eV  is  too  large.  A  systematic  procedure  for  changing  the  values 
of  the  different  parameters  is  adopted.  In  particular  the  values  used  for  the  intervalley  energy 
separation  and  the  effective  mass  in  each  valley  are  targeted.  It  is  expected  that  the  occurrence 
of  oscillations  will  be  enhanced  if  the  electron  effective  mass  in  the  satellite  valleys  is  increased, 
the  intervalley  energy  separation  is  reduced,  and  the  scattering  rates  to  the  satellite  valleys 
are  increased.  The  combined  effect  of  these  changes  is  to  increase  the  transfer  to  the  satellite 
valleys  for  the  same  bias  voltage  and  reduce  the  average  electron  velocity  at  high  electric  fields. 
As  a  consequence  a  larger  negative  differential  mobility  is  obtained  which  is  more  favorable  for 
nucleating  space  charge  layers.  Upon  making  the  above  changes  a  set  of  parameters,  listed 
in  the  last  column  of  table  1,  is  obtained  which  will  be  shown  to  yield  good  agreement  with 
experimental  results. 


position  (yu.m) 

Figure  1:  Doping  profile  of  the  W-band  InP  Gunn  structure. 

As  mentioned  earlier,  we  expect  the  electron  transfer  to  the  upper  valleys  to  be  enhanced 
as  a  result  of  the  changes  made  to  the  material  parameters.  This  is  clearly  revealed  in  figure  2 
which  displays  the  ratio  of  electrons  in  the  L  valley  to  the  total  number  of  electrons  as  a 
function  of  position  across  the  device.  The  two  curves  are  taken  at  a  phase  of  \  in  one  RF 
cycle  and  correspond  to  Monte  Carlo  results  employing  the  material  parameters  taken  from 
the  literature  and  the  new  material  parameters  used  in  this  work.  The  latter  set  of  parameters 
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results  in  a  much  higher  ratio  of  electrons  in  the  L  valley  and  in  particular  closer  to  the  cathode 
contact  (  position  =  0).  The  simulation  of  the  structure  in  figure  1  at  80  GHz  resulted  in  an 
average  dc  current  density  of  26603  A, cm-2  and  an  equivalent  admittance  =  (-2114  + 
j  2057)  (mho. cm-2).  In  order  to  compare  the  simulation  results  with  the  experimental  data, 
the  diameter  of  the  device  is  set  to  50  fi m  which  requires  a  load  resistance  of  12.4  O.  The 
predicted  output  power  is  45.8  mW  with  an  efficiency  of  1.79  %  and  a  dc  current  of  522  mA. 
These  results  are  in  very  good  agreement  with  the  experimental  data  obtained  from  a  similar 
Gunn  structure. 


Figure  2:  Ratio  of  electrons  in  the  L  valley  as  a  function  of  position  at  u>t  =  |. 

In  the  next  section,  two  InP  Gunn  structures  designed  for  operation  in  the  D-band  will  be 
considered.  Simulation  results  based  on  the  above  Monte  Carlo  model  will  be  compared  with 
experimental  data. 


5  InP  Gunn  Structures  for  D-band  Operation 

For  operation  in  the  D-band,  it  is  necessary  to  decrease  the  device  length  and  increase  the 
doping  level  in  the  active  region.  Two  InP  structures  with  different  doping  profiles  are  consid¬ 
ered.  The  first  has  a  l-//m-long  flat  doping  profile  while  the  second  has  a  l-/^m-long  linearly 
graded  doping  profile  in  the  active  region. 
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5.1 


Flat  Doping  Profile 


This  structure  consists  of  a  l-//m-long  active  region  doped  at  2.5  x  1016  cm  3.  A  wafer 
was  grown  by  CBE  (Chemical  Beam  Epitaxy).  The  wafer  was  processed  and  devices  with  a 
nominal  diameter  of  35  pim  were  packaged  and  tested  in  a  W-band  cavity  with  a  resonant  cap 
on  the  device.  Oscillations  were  obtained  at  108.3  GHz  with  33  mW  CW  output  power  and 
1.87  %  efficiency.  The  device  was  biased  at  4.1  V  and  has  a  dc  current  of  430  mA. 


Frequency  [GHz 


Figure  3:  Predicted  output  power  as  a  function  of  frequency  for  a  1-^m-long  Gunn  structure 
with  a  flat  doping  profile. 

To  simulate  this  structure,  the  bias  voltage  was  set  to  4.1  V  and  the  operating  temperature 
to  480  K.  The  actual  device  operating  temperature  is  estimated  to  be  close  to  500  K  since 
most  of  the  devices  failed  as  the  bias  voltage  is  increased  beyond  5  to  5.5  V.  The  performance 
was  evaluated  as  a  function  of  frequency  and  for  different  RF  voltages  (1.0  V,  1.5  V,  2.0  V, 
and  2.5  V).  Figure  3  shows  a  plot  of  the  RF  power  versus  frequency.  More  than  60  mW 
output  power  is  predicted  near  120  GHz.  For  an  RF  voltage  of  2.5  V,  the  power  peaks  near 
108  GHz  and  the  oscillation  bandwidth  becomes  smaller  compared  with  lower  RF  voltages. 
The  predicted  power  at  108.3  GHz  in  this  case  is  approximately  50  mW.  This  value  is  in  good 
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Frequency  [GHz 


Figure  4:  Predicted  output  power  as  a  function  of  frequency  for  a  1-yum-long  Gunn  structure 
with  a  linearly  graded  doping  profile. 

agreement  with  the  experimental  results  when  taking  into  account  cavity  losses  and  the  fact 
that  the  experimental  results  are  obtained  from  a  single  wafer. 

5.2  Graded  Doping  Profile 

In  order  to  further  enhance  the  performance  of  InP  Gunn  devices  in  the  D-band,  a  nonuniform 
doping  profile  in  the  active  region  is  considered.  The  advantages  of  a  linearly  doping  profile  in¬ 
clude  reducing  the  peak  electric  field,  lowering  the  current  density,  and  improving  the  efficiency 
and  output  power.  A  wafer  with  a  graded  doping  profile  was  designed  and  grown  by  MOCVD. 
The  structure  consisted  of  a  l-//m-long  active  region  with  a  doping  linearly  increasing  from 
7.5  x  1015  cm-3  at  the  cathode  side  of  the  active  region  to  2.0  x  1016  cm-3  at  the  anode 
side.  Samples  were  processed  with  integrated  heat  sinks  consisting  of  gold  and  silver  layers. 
Devices  with  a  nominal  diameter  of  45  (im  were  mounted  on  copper  heat  sinks  and  tested  in 
a  D-band  waveguide  cavity.  Oscillations  were  obtained  at  120  GHz  with  a  power  of  20  mW, 
at  136  GHz  with  a  power  of  10  mW,  at  133  with  a  power  of  17  mW,  and  at  155  GHz  with 
a  power  of  8  mW.  These  devices  are  believed  to  operate  in  the  fundamental  mode  since  the 
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measured  Q  values  were  between  30  and  100  around  120  GHz  using  a  self-injection  locking 
method  These  Q  values  are  not  characteristic  of  a  harmonic  mode  operation  [7,  8].  Even 
though  these  results  are  preliminary,  they  represent  the  best  performance  from  Gunn  devices 
operating  in  the  fundamental  mode  reported  at  these  frequencies. 

Simulations  were  carried  out  on  a  similar  structure  using  the  Monte  Carlo  model.  The  dc 
bias  voltage  was  set  to  4.1  V,  the  operating  temperature  at  400  K,  and  the  device  diameter 
was  fixed  at  45  /im.  Figure  4  shows  the  output  power  as  a  function  of  frequency  for  different 
RF  voltages.  Oscillations  occur  at  frequencies  ranging  from  80  GHz  to  180  GHz.  At  the 
two  extremes  however,  the  oscillation  condition  requires  load  resistances  less  than  1  ST  The 
output  power  peaks  near  140  GHz  where  80  mW  is  predicted  for  an  RF  voltage  of  1.5  V.  The 
simulation  predicts  oscillations  in  a  frequency  range  corresponding  to  what  has  been  observed 
experimentally,  but  with  better  performance.  As  mentioned  above,  the  experimental  results 
are  preliminary  and  more  work  need  to  be  done  to  further  improve  the  performance  of  the 
graded  structures  at  D-band  frequencies. 


6  Conclusions 

A  self  consistent  ensemble  Monte  Carlo  model  has  been  developed  for  the  simulation  of  InP 
Gunn  devices  at  high  frequencies.  When  typical  InP  material  and  physical  parameters  were 
employed,  the  model  could  not  predict  our  experimental  results.  Appropriate  parameters  were 
determined  by  comparing  simulation  results  and  experimental  data  obtained  from  an  InP  Gunn 
structure  operating  at  80  GHz.  The  new  parameters  are  characterized  by  low  intervalley  energy 
separation  and  high  deformation  potentials  compared  to  typical  values  used  in  the  literature. 
Possible  reasons  for  these  trends  include  the  high  operating  temperature  of  the  Gunn  device 
which  alters  the  band  structure,  and  the  lower  density  of  states  of  nonparabolic  bands  compared 
to  the  actual  band  structure. 

Based  on  this  model,  simulation  results  have  shown  that  it  is  possible  to  operate  funda¬ 
mental  mode  InP  Gunn  devices  in  the  D-band  frequency  region.  Two  structures  have  been 
designed,  modeled,  fabricated,  and  tested.  The  first  structure  consisted  of  a  l-/rm-long  active 
region  uniformly  doped  at  2.5  x  1016  cm'3.  The  second  structure  had  a  linearly  graded  doping 
profile  increasing  from  7.5  X  1015  cm'3  at  the  cathode  side  to  2.0  x  1016  cm"3  at  the  anode 
side.  Preliminary  experimental  results  were  very  encouraging  and  represent  the  state  of  the 
art  performance  from  Gunn  devices  operating  in  the  fundamental  mode  at  these  frequencies. 
Both  structures  operated  over  roughly  the  same  frequency  range,  however  the  graded  struc¬ 
ture  yielded  better  performance  at  the  high  frequency  end.  Improving  the  experimental  results 
requires  optimizing  the  doping  profile,  reducing  further  the  contact  resistances,  and  developing 
better  heat  sinks  and  packaging  techniques. 
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ABSTRACT 

Strained  quantum  well  lasers  have  demonstrated  remarkably  improved  characteristics  com¬ 
pared  to  unstrained  quantum  well  lasers.  For  extracting  the  highest  level  of  performance,  the 
required  strain  may  be  large.  An  important  factor  in  the  use  of  strained  quantum  wells  is 
the  long-term  stability  of  the  pseudomorphic  active  region  and  the  associated  reliability  of  the 
device.  The  effect  of  strain  on  reliability  is  investigated,  in  particular,  for  InxGai_xAs/GaAs 
(a?=0.2,  0.25,  and  0.3)  multiple  quantum  well  lasers  in  64mW/facet  constant  output  power  tests 
at  85°C  for  40  hours.  Laser  characteristics  such  as  the  operating  currents  (/op),  the  threshold 
currents  (Ith),  and  the  slope  efficiencies  ( dL/dl )  are  measured  during  the  test  and  serve  as 
useful  degradation  parameters.  The  average  changes  in  7op  are  15,  9.9,  and  0.22%,  and  the 
average  changes  in  7*a  at  85°C  are  21,  8.7,  and  -1.2%  for  £=0.2,  0.25,  and  0.3,  respectively.  The 
average  changes  in  dL/dl  at  85°C  are  -19,  -14,  1.5%,  respectively.  Defect  migration  into  the 
pseudomorphic  active  region  is  verified  to  be  the  dominant  mechanism  of  degradation  observed 
in  these  lasers.  Hence,  to  account  for  the  strain-induced  reliability  improvement,  it  is  necessary 
to  study  the  propagation  of  defects  in  semiconductor  heterostructures.  A  theoretical  model  is 
constructed  based  on  the  the  linear  theory  of  elasticity,  and  relevant  experiments  are  conducted 
for  its  support.  Strain  energy  considerations  show  that  defect  propagation  across  a  strained 
layer  is  unfavorable.  The  nonradiative  defect  densities  in  the  GaAs/Alo.4Gao.6As  quantum 
wells  with  and  without  the  surrounding  pseudomorphic  In0.2Gao.sAs  layers  are  compared  by 
measuring  the  photoluminescence  intensities  after  intentionally  creating  defects  and  enhancing 
their  diffusion.  The  structures  with  pseudomorphic  In0.2Gao.sAs  layers  consistently  show  much 
higher  quantum  well  photoluminescence  intensity  by  as  much  as  130  times,  thereby  confirming 
our  model.  These  results  clearly  account  for  the  observed  reliability  improvement  in  quantum 
well  lasers  with  increased  strain  in  the  well. 


I.  INTRODUCTION 

With  the  development  of  highly  sophisticated  fiber  communication  technologies,  optoelec¬ 
tronic  systems  have  demanded  increasingly  high-performance  semiconductor  light  sources.  Ac¬ 
cordingly,  technological  innovations  and  breakthroughs  have  been  continually  made  in  achieving 
a  device  of  superior  characteristics.  In  particular,  InGaAs/GaAs  strained  quantum  well  lasers 
have  become  the  most  important  devices  available  as  pumping  sources  for  erbium-doped  fiber 
amplifiers  and  as  transparent  substrate  vertical  cavity  lasers  for  space  communication  applica¬ 
tions.  Undoubtably,  the  device  stability  and  reliability  are  of  prime  importance.  The  utilization 
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of  innovative  design,  material,  and  production  technologies  for  the  enhancement  of  laser  oper¬ 
ating  characteristics  must  therefore  be  carefully  examined  in  proper  perspective  regarding  their 
impact  on  practical  device  reliability. 

The  use  of  strain  in  InGaAs/GaAs  quantum  well  lasers  has  shown  benefits  of  low  threshold 
current  [1],  high  modulation  bandwidth  [2],  and  high  power  capability  [3].  Although  promising 
reliability  [4]  of  these  lasers  has  been  reported  as  well,  the  underlying  mechanism  of  improved 
reliability  in  strained  lasers  has  not  been  carefully  studied.  In  this  paper,  strain-induced  relia¬ 
bility  improvement  is  experimentally  verified,  and  suitable  theoretical  and  experimental  models 
are  constructed  to  account  for  the  result. 

II.  EXPERIMENTAL  DETAILS 

In  this  work,  device  reliability  is  examined  in  constant  output  power  degradation  tests.  To 
establish  a  sound  basis  of  comparison  among  devices  of  different  strains,  all  testing  conditions 
and  degradation-enhancing  stress  parameters  are  kept  identical.  Then,  the  strain-related  degra¬ 
dation  mechanisms,  which  will  manifest  themselves  as  relative  changes  among  different  strain 
systems,  can  be  analyzed  by  monitoring  suitable  degradation  parameters.  Changes  in  sensitive 
signatures  of  laser  characteristics  such  as  the  operating  current  (/op),  the  threshold  current 
{Ith),  and  the  slope  efficiency  ( dL/dl )  will  delineate  the  strain’s  effect  on  the  device  reliability. 

The  tested  devices  are  In^Ga^As/GaAs  (x=0.2,  0.25,  and  0.3)  multiple  quantum  well 
separate  confinement  heterostructure  (MQW-SCH)  lasers  grown  by  the  molecular  beam  epitaxy 
(MBE).  A  simple  device  structure,  a  stripe  geometry  broad  area  laser,  is  chosen  in  order  to 
ease  the  analysis  and  prevent  processing-related  variations  from  obfuscating  the  results.  The 
structure  is  shown  in  Fig.  1.  Four  50A  Inj,Gai_xAs  quantum  wells  with  250A  GaAs  barriers 
are  surrounded  by  a  0.1pm  GaAs  guiding  layer  and  a  1pm  doped  Alo.6Gafl.4As  cladding  layer 
on  each  side.  A  0.6pm  n^  GaAs  buffer  layer  and  a  0.1pm  p^  GaAs  cap  layer  are  included. 
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Fig.  1.  In^Gai-xAs/GaAs  MQW-SCH  laser  structure. 
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The  samples  are  grown  on  (OOl)-oriented  substrates.  Facets  are  formed  by  cleavage  and  are 
left  uncoated.  A  total  of  six  300  yum  x  75/fm  stripe  geometry  broad  area  lasers,  two  from  each 
strain  system,  are  randomly  selected  for  the  test. 

Prior  to  a  40-hour  aging  test,  several  pre-test  characterization  measurements  are  made, 
including  emission  wavelength  (Ag)  and  light  versus  current  (L-I)  measurements  at  several 
temperatures.  During  the  test,  the  heat  sink  temperature  is  maintained  at  85°C  to  within  1°C, 
and  the  bias  was  pulsed  at  0.4/us  pulse  width  and  5KHz  repetition  rate.  Every  two  hours  during 
the  test,  an  L-I  measurement  is  taken  for  Ith  and  dL/dl  extraction.  At  the  end  of  the  aging 
test,  similar  post-test  characterization  measurements  are  made  for  the  full-fledged  comparison. 

To  elucidate  the  effect  of  a  strained  layer  in  defect  propagation,  further  experimentation 
is  conducted  in  which  the  quantum  well  photoluminescence  (QW-PL)  of  two  structures  grown 
by  MBE  is  observed.  As  shown  in  Fig.  2,  their  structures  are  identical  but  for  the  addition  of 
two  thin  strained  Ino.2Gao.8As  layers  (guarding  layers)  surrounding  the  quantum  well  in  one 
structure.  Samples  of  each  structure  with  the  Alo.4Gao.6As  layers  grown  at  three  different  tem¬ 
peratures  (600°C,  640°C,  and  670°C)  are  prepared  in  order  to  monitor  the  growth  temperature- 
related  effects.  Defects  of  various  types  are  intentionally  created  by  using  substrates  of  high  etch 
pit  densities  (EPD,  5xl0cm~2)  and/or  by  implanting  Si  (Rp+ARp  ~  0.19//m,  Np  =  1018cm-3) 
for  the  structure  with  the  Alo.4Gao.6As  layers  grown  at  670°C.  The  diffusion  of  these  defects 
is  enhanced  by  the  high  growth  temperature  and  subsequent  rapid  thermal  annealing  (RTA, 
at  800°C  for  15  seconds),  respectively.  The  QW-PL  intensities  of  both  the  as-grown  and  the 
implanted,  RTA-treated  samples  are  contrasted.  Care  is  taken  in  designing  an  implantation 
profile  such  that  the  charge  transfer  into  the  QW  is  insignificant,  and  sufficient  time  is  allowed 
to  insure  that  substantial  defects  may  have  entered  the  QW  region.  Since  the  accumulated 
defects  in  the  quantum  well  will  lower  its  optical  efficiency,  a  comparison  of  defect  densities 
between  the  two  structures  can  be  made  by  measuring  their  QW-PL  intensities. 


150  A 

GaAs 

2000  A 

Alo.4Gao.6As 

80  A 

lno,2Ga0  8As 

400  A 

A'o.4Ga0.6As 

100  A 

GaAs  QW 

400  A 

A*0.4Ga0.6As 

80  A 

^n0.2Ga0.8As 

300  A 

A*0.4Ga0.6As 

GaAs  (100)  substrate 

(a) 


150  A 

GaAs 

2400  A 

A'o.4Ga0.6As 

100  A 

GaAs  QW 

700  A 

Ab.4Ga0.6As 

GaAs  (100)  substrate 

(b) 

Fig.  2.  GaAs/Al0.4Ga0.6As  QW  structures 
(a)  with  and  (b)  without  strained  In0.2Ga0.sAs  layers. 
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III.  RESULTS  AND  DISCUSSION 


There  is  clear  evidence  of  a  reduced  degradation  rate  of  the  lasers  for  higher  strained  systems. 
The  gradual  degradation  can  be  quantified  by  percentage  changes  in  Iop,  Ith,  and  dL/dl.  Fig.  3  is 
the  plot  of  operating  current  (Jop)  versus  time.  The  plot  of  L-I  curves  in  Fig.  4  shows  degradation 
of  Ith  and  dLjdl  over  time.  The  results  are  summarized  in  Table  I.  In  all  cases,  minute  changes 
in  the  lasing  wavelength  assures  that  the  pseudomorphic  regions  have  not  relaxed. 


Fig.  3.  Operating  current  vs.  time  from 
In^Gai-xAs/GaAs  laser  constant  output  power  tests. 


Current  (mA) 

(a) 

Fig.  4.  L-I  curves  for  (a) 
before  and  after  the 


Current  (mA) 
(b) 

x=0.2  and  (b)  x=0.3 

degradation  test. 
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Table I.  Degradation  of  InxGai_eAs/GaAs  MQW-SCH  lasers  by  percentage  changes 


Average  change  [%] 

x=0.2 

x  =  0.25 

x  =  0.3 

lop  [  mA] 

15.3 

9.89 

0.224 

lth[mA] 

16.2 

11.5 

-1.28 

lth[mA] 

20.7 

8.71 

-1.23 

*9  [pm] 

-0.0250 

-0.254 

0.0462 

dL/dl  per  facet  [W/A]  @  25  °C 

-13.6 

-13.5 

0.075 

dL/dl  per  facet  [W/A]  @  85  °C 

-18.7 

-13.6 

1.50 

The  strain  is  also  found  to  have  the  beneficial  effect  of  preserving  the  optical  quality  of 
quantum  wells  in  the  structures  with  guarding  layers.  The  ratios  of  the  QW-PL  peak  intensities 
for  the  two  as-grown  structures  with  Alo.4Gao.6As  layers  grown  at  600°C,  640°C,  and  670°C 
are  3,  5,  and  17,  respectively.  The  exponential  dependence  of  the  diffusivities  of  defects  on 
the  temperature  is  reflected.  In  addition,  the  low  temperature  PL  spectra  measured  from  the 
implanted  and  RTA-treated  structures  with  and  without  the  guarding  layers  show  the  QW 
electron-to-heavy-hole  (e-hh)  transition  intensities  differing  by  ~130  as  shown  in  Fig.  5.  These 
large  changes  are  due  to  the  combined  effect  of  the  increased  number  of  available  defects,  the 
increased  diffusivity  of  defects,  and  the  annealing  of  the  internal  defects  inside  the  QW. 


Fig.  5.  Low-temperature  PL  spectra  of  GaAs/Alo^GaosAs  QW  structures 
with  and  without  strained  layers  after  implantation  and  RTA 
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Several  degradation  mechanisms  may  be  observed  during  aging  of  lasers:  (i)  defect  formation 
and  growth  in  the  active  region,  (ii)  defect  formation  and  growth  in  the  confining  region,  and 
(iii)  faCet  degradation.  The  objective  is  to  connect  these  mechanisms  to  variations  in  measurable 
degradation  observables.  The  actual  degradation  under  device  operation  is  quite  complex  in 
that  more  than  one  type  of  degradation  can  occur  simultaneously.  The  fact  that  the  confining 
layers  in  all  strain  systems  are  exactly  identical  has  two  important  implications.  First,  the 
comparable  defect  densities  in  the  confining  regions  should  lead  to  similar  degradation  rates  of 
these  regions  under  the  low-level  injection.  Second,  the  rates  of  facet  degradation  should  also  be 
comparable  since  most  optical  confinement  takes  place  within  the  large  cladding  regions  with 
the  QW  regions  contributing  only  a  minute  portion  of  the  total  optical  confinement.  Therefore, 
degradation  rates  due  to  the  facet  and  confinement  region  deterioration  will  approximately  be 
the  same  for  all  strain  systems.  Thus,  varying  rates  of  related  degradation  observables  can  be 
solely  attributed  to  the  different  amount  of  defect  accumulation  in  the  active  regions  of  the  three 
strain  systems.  From  the  notably  insignificant  degradation  rates  for  the  Ino.3Gao.7As/GaAs 
lasers,  the  degradation  rates  due  to  the  mechanisms  (i)  and  (ii)  universally  found  in  all  strain 
systems  are  indeed  negligible.  Therefore,  the  defect  propagation  into  the  active  layer  can  be 
deduced  to  be  the  most  critical  mechanism  in  determining  the  overall  laser  degradation  rate. 


The  dark  line  defects  (DLD)  preferentially  propagating  along  <100>  and  growing  by  recom¬ 
bination  enhanced  defect  motion  have  been  identified  as  the  dominant  cause  of  rapid  degrada¬ 
tion  in  InGaAs/GaAs  lasers  [5].  For  gradual  degradation,  point  defects  such  as  interstitials  and 
vacancies  play  the  dominant  role.  In  the  active  and  guiding  regions,  they  will  form  nonradia- 
tive  recombination  centers  and  increase  the  carrier  recombination  rate.  Details  of  the  various 
defects  are  quite  diverse  and  complicated,  but  for  a  rudimentary  analysis,  they  can  be  treated 
as  a  collection  of  identical  point  defects.  The  carrier  lifetime,  r,  may  be  expressed  as 

-  =  avthNnr  +  —  C1) 

r  rr 


where  rr,  <r,  vth,  and  Nnr  are  the  radiative  carrier  lifetime,  the  capture  cross  section  of  the 
defect,  the  thermal  velocity  of  the  carriers,  and  the  density  of  defects  in  the  active  region, 
respectively.  Since  the  threshold  current  can  be  written  as 


Ith  = 


qV nth 

T 


+  II 


(2) 


where  V,  nth,  and  IL  are  the  active  volume,  the  threshold  carrier  density,  and  the  leakage 
current  away  from  the  active  layer,  respectively  [6],  it  is  clear  that  from  (1)  and  (2)  that  an 
increase  of  the  defect  density  will  cause  the  threshold  current  to  increase.  Also,  the  output 
power  per  facet  can  be  written  as 


L  = 


^ VgOtmTp(I  -  Ith) 
Zq 


(3) 


where  1 'g,am,  and  rp  are  the  group  velocity,  the  mirror  loss,  and  the  photon  lifetime,  respectively 
[6j.  From  (3),  it  is  easy  to  see  that 


dL 

dl 


hu 

Tq 


—  ~  ^^rnTp. 


(4) 
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From  (l)-(4),  it  can  be  seen  that  defects  induce  reductions  in  the  carrier  and  photon  lifetimes, 
producing  an  increased  threshold  current  and  a  reduced  slope  efficiency  from  the  leakage  current 
and  the  scattering  and  absorption  loss  of  photons,  respectively.  These  equations  conform  very 
well  with  the  experimental  results  if  the  defect  density  in  the  active  region  of  higher  strained 
system  is  to  be  lower.  Therefore,  to  account  for  the  observed  strain-induced  laser  reliability 
improvement,  the  strain  must  have  provided  a  definite  means  of  hindering  defect  propagation 
into  the  pseudomorphic  active  layer. 


IV.  ANALYSIS 

To  establish  the  physical  basis  for  the  strain- related  degradation  mechanism,  a  model  is 
proposed  where  the  defect  propagation  from  lattice  matched  layers  into  pseudomorphic  layers 
is  suppressed  due  to  an  unfavorable  strain  energy  barrier  between  the  layers  [7].  Within  the 
limit  of  the  compositionally  dependent  critical  thickness,  the  strain  in  the  pseudomorphic  layer 
can  be  accommodated  elastically.  For  a  small  deformation  such  as  that  caused  by  a  point 
defect,  the  linear  theory  of  elasticity  provides  a  good  approximation  of  the  stress- displacement 
relation. 


The  strain  energy  density  can  be  written  in  the  Einstein  convention  as 

w  =  ^CijkKijCki  (5) 

where  c’s  and  e’s  are  the  elastic  coefficients  and  the  strain  tensor  coefficients,  respectively  [8]. 
For  a  cubic  crystal,  there  are  only  three  nonzero  elastic  constants  c,,-,-,-  =  cn,  Ciijj  =  ci2,  and 
c ijij  =  C44  for  i  /  j,  and  (5)  can  be  simplified  as 

w  =  2Cn(fn  +  f22  +  e33)  +  Ci2(enf22  +  ^22^33  +  *33^11)  +  c44(ef2  +  c23  +  e31).  (6) 

In  an  epitaxial  semiconductor  layer  grown  on  (001)  substrate,  it  can  be  shown  that  e,y  =  0  for 
i  ^  j.  So  the  last  term  in  (6)  is  equal  to  zero.  Furthermore,  the  strain  tensor  can  be  written  as 

<U1  =  f22  =  C||  =  €  =  — - - ,  (7) 

—  2ci2 

(33  =  (±  = - € 

Cl  1 

where  as  and  a0  are  the  substrate  and  epi-layer  lattice  constants,  respectively  [9]. 


Now  consider  an  excess  distortion  above  equilibrium  (fcn)  producing  an  incremental  strain 
energy  in  the  strained  and  the  lattice  matched  layers.  In  the  pseudomorphic  layer  (region  A), 
the  excess  strain  energy  density  can  be  obtained  from  (6)  and  (8)  to  be 


C122  1 

Swa  =  ciiCii^en  +  0x2^22^^11  -  2 - eii^n  +  -cuSe2 

cn  2 


li¬ 


fe) 


In  the  lattice  matched  layer  (region  B),  the  energy  density  in  excess  of  the  equilibrium  energy 
density  (which  equals  zero)  is 


SwB  =  ^cuSeh- 


(10) 
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As  an  approximation,  the  same  elastic  coefficients  are  used  for  both  layers. 

To  find  the  fate  of  each  defect  near  the  heterostructure,  the  path  of  minimum  strain  energy 
must  be  determined.  This  necessitates  a  case  study  on  the  epitaxial  strain  and  the  defect- 
induced  strain  by  their  types,  i.e,  either  compressive  or  tensile.  Together  with  the  fact  that 
<  gn  and  that  cn  «  2 c12  [9],  the  preferred  path  of  defect  propagation  can  be  summarized 
as  in  Table  II  by  using  (9)  and  (10).  Although  the  precise  nature  of  the  defects  is  quite  difficult  to 
identify,  if  the  compressive-type  defects  predominate  in  the  lattice  matched  region  of  our  lasers, 
it  can  be  seen  from  Table  II  that  the  defect  movement  will  be  met  by  much  less  resistance  in 
the  lattice  matched  layer  than  in  the  compressively  strained  layer.  Consequently,  the  defect  has 
to  surmount  a  large  energy  barrier  if  it  is  to  propagate  into  the  pseudomorphic  layer. 


Table  II.  Preferred  path  for  defect  propagation. 


Paffill^ 

jtw  Strained  region 

Lattice  matched  region 

^4 

Strain  in  the 

Strain  induced 

Preferred 

pseudomorphic  layer 

by  defect 

path 

Compressive  (e  <  0) 

Compressive  (6e  <  0) 

1 

Compressive  (e  <  0) 

Tensile  (6e  >  0) 

II 

Tensile  (e  >  0) 

Compressive  (5e  <  0) 

II 

Tensile  (e  >  0) 

Tensile  (5e  >  0) 

1 

V.  CONCLUSION 

The  strain-induced  laser  reliability  improvement  in  InGaAs/GaAs  MQW-SCH  lasers  is  ver¬ 
ified.  The  experimentation  on  the  photoluminescence  of  QW  structures  reinforces  the  strain’s 
reliability  benefit.  The  presented  theoretical  model  shows  that  a  strained  layer  can  effectively 
impede  point  defects  from  penetrating  through  the  heterostructures.  A  reduction  of  defects 
and  an  understanding  of  the  relationship  between  the  nonradiative  recombination  process  and 
changes  in  device  characteristics  are  seen  to  be  very  important  to  improve  reliability.  Through 
intensive  material  analysis  and  reliability  testing,  much  improved  as  well  as  reliability-assured 
device  design,  material,  and  production  technologies  can  be  achieved.  The  suppression  of  defect 
propagation  by  the  pseudomorphic  guarding  layers  has  important  implications  in  MBE  growth 
of  semiconductor  heterostructures.  Instead  of  smoothing  buffer  layers,  strained  guarding  layers 
can  be  used  not  only  to  improve  device  reliability  but  also  to  save  growth  time  and  source 
materials.  This  aspect  is  being  currently  investigated. 
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Inversion  Channel  HFET  with  unity  current  gain  frequency  of  14GHz 
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Abstract 

High  speed  capability  up  to  14GHz  is  reported  for  the  inversion  channel  HFET  utilizing  the 
inversion  channel  device  structure.  The  transistor  is  fabricated  from  the  same  epitaxial  growth  and  with  the 
same  fabrication  technology  as  previously  used  to  demonstrate  the  vertical  cavity  Double  Heterostructure 
Opto-EIectronic  Switching  (DOES)  Laser. 

1.  INTRODUCTION 

The  interest  in  optoelectronic  integration  has  recently  increased  significantly  with  the 
improvement  in  performance  of  vertical  cavity  surface  emitting  lasers  (VCSEL)[l-4],  In  order  to  fulfill  the 
expectations  of  these  technologies  to  form  smart  pixel  arrays[5]  and  high  density  integrated  circuits  with 
optical  inputs  and  outputs,  the  surface  emitting  laser  growth  and  fabrication  technology  must  also  be 
capable  of  producing  a  high  performance  transistor.  In  addition,  to  achieve  significant  levels  of  integration 
and  thus  functionality,  a  FET  logic  base  is  desired  since  the  power  consumption  of  bipolar  circuits  relegates 
them  to  relatively  low  levels  of  integration.  The  first  monolithic  integration  of  an  FET  and  a  VCSEL  was 
demonstrated  recently  by  Lockheed[6],  where  a  MESFET  was  formed  on  top  of  the  VCSEL  using  the 
highly  resistive  multilayer  top  reflector  as  an  isolation  layer. 

The  inversion  channel  technology[7]  is  a  recently  reported  approach  to  optoelectronic 
integration  which  provides  a  way  of  merging  a  Heterostructure  Field  Effect  Transistor  (HFET)  and  a 
VCSEL  structure  such  that  high  performance  from  both  components  is  achieved.  The  central  feature  of  the 
technology  is  an  inversion  channel  formed  by  modulation  doping  of  a  heterostructure  interface  which  is 
produced  in  a  single  epitaxial  growth.  The  quantum  wells  form  the  channel  for  the  FET  and  simultaneously 
the  active  region  of  the  laser.  One  fabrication  sequence  is  able  to  produce  both  components.  Recently[8]  the 
Double  Heterostructure  Opto-EIectronic  Switching  (DOES)  laser  was  reported  in  which  a  dielectric  stack 
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was  used  with  post  growth  mode  positioning  to  optimize  the  threshold  current  in  the  DOES  VCSEL.  The 
lasing  characteristics  of  these  devices  are  shown  in  figure  1 .  In  this  paper  we  report  high  speed  performance 
of  the  HFET  fabricated  from  the  same  material. 

2.  RESULTS 

The  material  was  grown  by  MBE  on  a  semi-insulating  GaAs  substrate  and  the  active  region 
consisted  of  three  80  A  strained  In0.2Ga0.8  As  quantum  wells.  The  bottom  mirror  of  the  laser  structure  is  a 
27.5  period  distributed  Bragg  reflector  and  the  total  thickness  of  the  laser  cavity  was  designed  to  be  5  A.  to 
incorporate  the  full  inversion  channel  structure  and  allow  HFET  fabrication  and  electrical  operation  of  the 
DOES  without  sacrificing  switching  parameters.  The  detailed  doping  and  thickness  parameters  of  the 
DOES  structure  including  the  barrier  and  charge  sheet  dopings  have  been  reported  earlier[8],  HFET 
fabricauon  began  with  implantation  of  Mg  and  P  to  create  a  highly  doped  p-type  surface  region.  Tungsten 
was  deposited  and  patterned  using  a  tri-level  technique  to  produce  1  pm  gate  features.  Note  that  the 
Tungsten  gate  forms  an  ohmic  contact  to  the  semiconductor.  The  semiconductor  was  then  etched  using 
Reactive  Ion  Etching  (RDE)  to  within  1500A  of  the  quantum  wells.  Then  Si  was  implanted  (75  keV, 
2xlOi3cm~2,  150  keV,  4xl013cm~2)  to  form  the  source  and  drain  regions.  The  implants  were  activated 
using  a  Rapid  Thermal  Anneal  at  950°  C  for  10s.  Souce  and  drain  contacts  were  formed  by  lift-off  of 
AuGe/Ni/Au.  A  well  is  etched  using  RIE  and  a  collector  contact  is  formed  in  this  region  by  lifting  off 
Cr/AuZn.  The  contacts  were  alloyed  at  450°  C  for  12s.  The  transistors  were  isolated  by  hydrogen  implant 
to  the  semi-insulating  substrate  in  order  to  eliminate  parasitic  capacitances.  A  dielectric  was  deposited  to 
allow  for  metal  cross-overs:  this  can  be  the  same  dielectric  as  was  used  for  the  top  reflector  in  the  DOES 
VCSEL[8],  but  in  this  case  it  is  cured  Polyimide.  Holes  were  patterned  in  the  Polyimide  and  bond  pads 
were  then  lifted  off  to  allow  for  high  speed  testing. 

The  output  characteristics  of  lx50tim  gate  length  HFETs  are  shown  in  figures  2a,b.  The 
threshold  voltage  was  +0.4V  (enhancement)  which  is  ideal  for  enhancement/depletion  logic  applications. 
The  transconductance  (gm)  in  figure  2a  exhibits  a  maximum  of  130mS/mm  at  a  gate  voltage  of  1.2V.  The 
gate  conduction  at  1.5V  on  the  gate  is  0.04mA  (<  ImA/mm),  which  is  negligible  compared  to  the 


V-4 

359 


maximum  drain  current  of  160mA/mm  as  seen  in  figure  2b.  This  voltage  for  gate  conduction  agrees  well 
with  the  predicted  value[9].  The  drain  breakdown  voltage  for  the  HFETs  was  about  10V.  The  h21 
parameter  for  the  HFETs  were  measured  using  an  HP8510  network  analyzer  and  the  results  are  shown  in 
figure  3  indicating  an  uncorrected  unity  current  gain  cut-off  frequency  of  14GHz.  This  compares  well  with 
measurements  of  HEMTs  and  MESFETs  of  similar  gate  lengths[10].  To  further  increase  the  circuit  speed  of 
the  HFET  the  drain  capacitance  must  be  reduced.  This  is  achieved  by  reducing  the  collector  doping.  Due  to 
Be  doping  in  the  p-doped  active  layer  of  the  DOES  and  the  subsequent  RTA  some  Be  doping  in  the 
collector  is  unavoidable  but  may  be  reduced  considerably  by  novel  p  doping  techniques  in  the  MBE.  The  dc 
parameters  show  good  matching  to  the  DOES  VCSEL  parameters.  The  laser  threshold  is  5mA  for  a  Hum 
diameter  device  and  delivers  an  output  power  of  1.5mW  for  3mA  above  threshold.  Therefore,  a  l|im  HFET 
of  50 (im  width  would  provide  ample  drive  current  (8mA)  for  the  laser.  Reducing  the  dimensions  of  the 
laser  would  allow  even  smaller  HFET  dimensions. 

In  summary  a  ft  of  14GHz  in  the  inversion  channel  HFET  has  been  obtained  from  the  same 
epitaxially  grown  material  as  a  switching  laser  having  a  5mA  threshold  current,  a  switching  voltage  of  10V, 
and  a  holding  current  of  0.5mA.  Both  devices  using  essentially  identical  processing  sequences. 

REFERENCES 


[1]  A.  Scherer,  J.  L.  Jewell,  M.  Walther,  J.  P.  Harbison,  and  L.  T.  Florez,  "Fabrication  of  Low  Threshold 
Voltage  Microlasers,"  Electron.  Lett.,  1992,  28,  (13),  pp.  1224-1226. 

[2]  K.  L.  Lear,  S.  A.  Chalmers,  K.  P.  Killeen,  "A  Very  Low  Voltage  and  Current  Density  Threshold 
Vertical  Cavity  Surface-Emitting  Laser,"  IEEE  LEOS  meeting  Boston  1992,  Post-Deadline  paper 
PD3. 

[3]  M.  G.  Peters,  F.  H.  Peters,  D.  B.  Young,  J.  W.  Scott,  B.  J.  Thibeault,  and  L.  A.  Coldren,  "High 
Wallplug  Efficiency  Vertical-Cavity  Surface-Emitting  Lasers  using  Lower  Barrier  DBR  Mirrors," 
Electron.  Lett,  1993, 29,  (2),  pp.  170-172. 

[4]  R.  A.  Morgan,  G.  D.  Guth,  M.  W.  Focht,  M.  T.  Asom,  K.  Kojima,  L.  E.  Rogers,  and  S.  E.  Callis, 
"Transverse  Mode  Control  of  Vertical-Cavity  Top-Surface-Emitting  Lasers,"  IEEE  Photon,  technol. 
Letters,  1993, 4,  (5),  pp.  374-377. 

[5]  J.  Cheng,  P.  Zhou,  S.  Z.  Sun,  S.  Hersee,  D.  R.  Myers,  J.  Zolper,  and  G.  A.  Vawter,  "Surface-Emitting 
Laser-Based  Smart  Pixels  for  Two-Dimensional  Optical  Logic  and  Reconfigurable  Optical 
Interconnections,"  IEEE  J.  Quantum  Electron.,  1993, 29,  (2),  pp.  741-756. 


V-4 

360 


[6]  Y.  J.  Yang,  T.  G.  Dziura,  T.  Bardin,  S.  C.  Wang,  and  R.  Fernandez,  "Monolithic  integration  of  a 
vertical  cavity  surface  emitting  laser  and  a  metal  semiconductor  field  effect  transitor,”  Appl.  Phys. 
Leu.,  1993, 62,  (6),pp.  600-602. 

[7]  G.  W.  Taylor,  P.  A.  Evaldsson,  P.  A.  Kiely,  T.  Vang,  P.  R.  Claisse,  S.  L.  Daryanani,  D.  P.  Docter,  S. 
K.  Sargood,  and  P.  W.  Cooke,  "Integrated  Inversion  Channel  Optoelectronic  Devices  and  Circuit 
Elements  for  Multifunctional  Array  Applications,"  IEEE  J.  Quantum  Electron.,  1993,  29,  (2),  pp. 
785-800 

[8]  P.  A.  Evaldsson,  G.  W.  Taylor,  P.  W.  Cooke,  S.  K.  Sargood,  P.  A.  Kiely,  and  D.  P.  Docter,  "A 
High-Efficiency  Vertical-Cavity  Surface-Emitting  Switching  Laser  Fabricated  with  Post  Growth 
Cavity  Mode  Positioning,"  IEEE  Photon.  Techn.  Lett.,  June  1993, 

[9]  G.  W.  Taylor  and  P.  A.  Kiely,  "Theoretical  and  Expcrimantal  Results  for  the  Inversion  Channel 
Heterostructure  Field  Effect  Transistor,"  IEE  Proceedings  G,  To  be  published  September  1993. 

[10]  A.  A.  Kcttcrson,  W.  T.  Massclink,  J.  S.  Gcdymin,  J.  Klem,  C-K.  Peng,  W.  F.  Kopp,  H.  Morkoc,  K. 
R.  Gleason,  "Characterization  of  InGaAs/AlGaAs  Pscudomorphic  Modulation-Doped  Field-Effect 
Transistors,"  IEEE  Trans.  Electron  Dev.,  1986,  ED-33,  (5),  pp.  564-571 . 


V-4 


361 


Drain  Current  (mA) 


Crftfe  Source  Voltage  (V) 


Transconductance  variation  with  gate  voltage  of  a  l|imx50|im  HFET 
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M.  Karaku$uk,  W.  Li,  D.  Yang,  P.  Freeman,  J.  East, 

G.I.  Haddad  and  P.  Bhattacharya 
Solid  State  Electronics  Laboratory 
Department  of  Electrical  Engineering  and  Computer  Science 
The  University  of  Michigan,  Ann  Arbor,  MI  48109-2122 


ABSTRACT 

We  have  investigated  direct  optical  injection  locking  and  tuning  of  high  frequency  os¬ 
cillators  made  with  GaAs/AlGaAs  Heterojunction  Bipolar  Transistors  (HBT’s)  and  0.25 
fim  gate  InGaAs/InAlAs  Modulation  Doped  Field  Elfect  Transistors  (MODFET’s).  We 
have  developed  an  HBT  technology  using  transparent  indium-tin-oxide  (ITO)  emitter 
contacts  for  convenient  optical  access.  Optical  injection  locking  and  tuning  experiments 
have  been  performed  on  6  GHz  microwave  oscillators  made  with  the  HBT’s.  Locking 
ranges  up  to  2.5  MHz  and  tuning  ranges  up  to  25  MHz  have  been  measured  with  the 
injection  of  the  optical  RF  power  at  30  dB  below  the  oscillator  power  level.  Similarly, 
direct  subharmonic  optical  injection  locking  at  10  and  19  GHz  has  been  achieved  with 
the  MMIC  InGaAs/InAlAs  MODFET  oscillators. 

1  Introduction 

The  control  of  microwave  circuits  by  optical  signals  has  received  wide  attention  because 
of  the  wide  bandwidth  of  the  optical  control  signals  and  the  inherent  isolation  from  RF 
signals.  Optical  injection  locking  of  microwave  oscillators  is  particularly  promising  for 
applications  in  phased-array  radars  and  cellular  communication.  Optical  control  of  GaAs 
FET  oscillators  has  already  been  reported[l].  Recently,  we  demonstrated  direct  optical 
injection  locking  of  GaAs/AlGaAs  HBT  oscillators [2]  and  InGaAs/InAlAs  MODFET 
oscillators [3].  The  FET  devices  have  the  advantages  of  easier  light  coupling  through 
the  gate-source  and  gate-drain  openings  and  their  mature  device  technology.  On  the 
other  hand,  HBT  devices  have  large  internal  optical  gain  and,  in  addition,  their  superior 
1  //  noise  behavior  is  especially  attractive  for  low  phase  noise  microwave  oscillators. 
However,  it  is  difficult  to  couple  light  into  the  HBT  devices  because  of  the  self-aligned 
metallizations  currently  used  for  microwave  HBTs.  Although  lateral  coupling  of  light 
via  an  on-chip  waveguide  is  possible,  this  would  require  a  second  epitaxial  growth  and 
extra  processing  steps. 

In  this  paper,  we  describe  a  new  HBT  technology  using  transparent  indium-tin- 
oxide  (ITO)  emitter  contacts  for  convenient  optical  access.  Microwave  oscillators  with 
frequencies  of  6  -  10  GHz  have  been  made  using  these  HBTs  and  direct  optical  injection 
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locking  experiments  have  been  performed  at  6  GHz.  Experimental  results  of  optical 
injection  locking  of  MMIC  InGaAs/InAlAs  MODFET  oscillators  are  also  presented. 

2  Experimental  Results 

2.1  Optical  injection  locking  of  GaAs/AlGaAs  HBT  oscilla¬ 
tors  with  transparent  ITO  emitter  contacts 

Indium  Tin  Oxide  (ITO)  is  optically  transparent  (T  >  90%)  with  negligible  absorption 
and  and  has  a  conductivity  of  3  x  103n_1cm_1  at  room  temperature.  ITO  films  have 
been  extensively  studied  for  use  in  solar  cells[5][6],  and  recently,  photodetectors [7]  [8].  In 
most  of  the  previously  reported  applications,  a  Schottky  contact  was  formed  between 
the  ITO  and  the  semiconductor.  We  have  developed  and  optimized  an  ITO  ohmic 
contact  for  both  n-type  and  p-type  GaAs  with  typical  specific  contact  resistances  of 
1  x  10~6flcm-2  and  2  x  lO^Ocm-2,  respectively,  which  are  comparable  with  those 
of  alloyed  metal  contacts.  The  simplicity  and  the  reliability  make  the  ITO  contact 
attractive  for  optoelectronic  device  applications. 

The  ITO  film  was  prepared  by  RF  magnetron  sputtering  of  a  nominally  91  mol.% 
ln203  :  9  mol.%  Sn02  composite  target  onto  unheated  substrates.  Post-deposition 
rapid  thermal  annealing  (RTA)  in  Ar  was  used  to  remove  structural  defects  and  to 
improve  the  electrical  and  optical  characteristics.  For  a  typical  2500A  thick  ITO  film,  a 
sheet  resistance  RH  ~  2.50/a  and  transmittance  of  T=  90%  at  A  =  850nm  have  been 
achieved.  A  lift-off  technique  using  photoresist  and  optical  lithography  was  employed 
to  define  sputtered  ITO  patterns  as  small  as  1.0//m  in  size.  Normally,  ITO  forms  a 
Schottky-like  rectifying  contact  with  p-  or  n-type  GaAs.  To  circumvent  this,  a  50  - 
100A  layer  of  either  silver  or  indium  was  deposited  before  sputtering  the  ITO.  This  pre¬ 
layer,  which  is  also  optically  transparent,  serves  as  an  intermediary  layer  that  helps  form 
low  resistance  ohmic  contacts.  Indium  is  preferentially  used  in  ITO-n-GaAs  contacts. 
After  the  post-deposition  annealing,  it  forms  a  thin  layer  of  In  GaAs  which  readilyjorms 
an  excellent  ohmic  contact  with  ITO.  A  contact  resistance  as  low  as  2  x  lO^Ocm  2  was 
obtained  with  50A  In  and  2500A  ITO  on  Si-doped  GaAs  (n  =  5  X  1018cm  3).  Silver  is 
used  in  ITO-p-GaAs  contact  to  prevent  formation  of  a  p-n  junction  between  the  p-GaAs 
and  the  ITO  film  which  is  inherently  an  n-type  semiconductor. 

The  HBT  structure,  shown  in  Table  1,  was  grown  by  molecular  beam  epitaxy  (MBE). 
Self-aligned  HBT  devices  were  fabricated.  Device  isolation  was  provided  by  single  dose, 
high  energy  0+  implantation  (5  MeV  and  0+  =  1.7  x  1015  cm'2)  using  3  \i  m  thick 
electro-plated  Au  masks  and  appropriate  annealing  (RTA  560° C  in  Ar  for  20  seconds). 
After  removing  the  Au  masks,  the  sample  was  patterned  with  photoresist  to  delineate 
the  emitters,  then  a  60A  thick  indium  layer  was  deposited  by  evaporation,  followed  by 
2500A  of  ITO  deposited  by  RF  sputtering.  2  x  20/xm2  emitters  were  defined  by  the 
subsequent  lift-off  process.  The  sample  was  then  RTA  annealed  at  450° C  in  Ar  for  20 
seconds  to  form  the  ohmic  contacts.  ITO  was  only  used  for  emitter  contacts  for  two 
reasons:  First,  the  contact  resistance  between  ITO  and  n-type  GaAs  is  lower  than  that 
of  p-GaAs,  and  secondly,  base  resistance  is  a  primary  factor  in  determining  the  high 
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Layer 

Composition 

Thickness 

(/*m) 

Type 

Doping 

(cm"3) 

Cap 

GaAs 

0.02 

n+ 

5.0  x  1018 

Emitter 

Alo.2sGao.7sAs 

0.30 

n 

5  x  10l7 

Base 

GaAs 

0.10 

P+ 

1.0  x  lO1^ 

Collector 

GaAs 

0.60 

n 

2  x  1016 

Subcollector 

GaAs 

0.50 

n+ 

5.0  x  1018 

Substrate 

GaAs 

300 

- 

S.I. 

Table  1:  Layer  structure  of  the  AlGaAs/GaAs  heterojunction  bipolar  transistor 
frequency  performance  of  the  HBT  as, 


where  fT  is  the  current  gain  cutoff  frequency,  RB  the  base  resistance,  and  CBc  the  base- 
collector  capacitance.  For  these  reasons,  a  standard  metallic  ohmic  contact  was  used  for 
the  base. 

Base  contacts  were  formed  by  wet-etching  using  the  patterned  photoresist  and  the 
ITO  emitter  as  masks  followed  by  evaporation  of  Zn/Pd/Au  and  lift-off.  The  emitter 
ITO  was  covered  with  photoresist  to  block  metal  deposition  during  this  process.  The 
collector  contacts  were  made  using  a  similar  etching  and  lift-off  process.  Finally,  coplanar 
transmission  line  patterns  for  microwave  probing  were  formed  using  electro-plating,  and 
connection  to  the  devices  was  completed  with  an  air-bridge.  HBT  s  with  emitters  of 
2  x  10/mi2  and  interdigitated  base  contacts  were  fabricated.  A  photomicrograph  of  the 
fabricated  HBT  is  shown  in  Figure  1. 

Common-emitter  I-V  measurements  show  a  uniform  current  gain  [hSe)  of  10  -  20. 
Gummel  plot  measurements  show  junction  ideality  factors  of  1.01  and  1.43  for  the  base- 
collector  and  emitter-base  junctions,  respectively.  Microwave  performance  of  the  de¬ 
vices  was  measured  from  45  MHz  -  26.5  GHz  using  an  HP-8510  network  analyzer.  The 
short  circuit  current  gain  (|if2i|)  and  the  maximum  available  power  gain  {Gmax)  were 
computed  from  the  measured  S-parameters.  As  shown  in  Fig.  2,  fT  =  18  GHz  and 
/max  =  20  GHz  were  obtained  at  Ic  —  10mA  and  Vce  =  3V 

To  characterize  the  photoresponse  of  the  HBTs,  short  optical  excitation  pulses  from 
a  mode-locked  dye  laser  (A  =  853nm)  pumped  with  a  Nd:YAG  laser  were  used.  The 
nominal  pulse  width  is  ~  7ps  and  the  repetition  rate  is  76MHz.  The  response  of  the 
phototransistor  at  Vce  =  4V  and  Ib  =  50/*  A  has  a  full  width  at  half  maximum  (FWHM) 
of  80ps,  as  shown  in  Fig.  3.  Taking  into  account  the  optical  pulse  width  and  the  S4 
Tektronix  sampling  head  response  (FWHM=35ps),  the  intrinsic  device  response  time  is 
=  60ps. 

Microwave  oscillators  were  made  using  these  devices.  The  oscillator  circuit  was  built 
on  a  15  mil  thick  Duroid  substrate  using  microstrip  lines  for  impedance  matching.  The 
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Figure  1:  Microphotograph  of  the  fabricated  HBT  with  transparent  ITO  emitter  ohmic 
contact. 


Frequency  (GHz) 

Figure  2:  Measured  current  gain  (/121)  and  power  gain  (Gmax)  as  a  function  of  frequency 
for  HBT  with  ITO  emitter  contact. 
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Figure  3:  Pulse  response  of  the  GaAs/AlGaAs  HBT  with  transparent  ITO  contact  at 
Vce  =  4V  and  Ib  =  50/*A.  The  excitation  pulses  (A  =  853nm)  have  a  nominal  pulse  width 
of  10  ps. 

transistor  was  wire  bonded  onto  the  circuit.  The  active  device  was  biased  externally 
through  bias  tees  at  VCe  =  5  V  and  lc  =  4.5  mA  for  maximum  power  output.  Output 
power  up  to  10  mW  was  obtained  at  the  oscillation  frequency  of  5-8  GHz. 

An  AlGaAs  laser  diode  (A  =  830  nm)  was  used  as  the  light  source  for  direct  optical 
tuning  and  injection  locking  experiments.  The  average  optical  power  was  adjusted  by 
a  DC  current  source.  RF  power  from  a  synthesizer  was  superimposed  over  the  DC 
bias  current  to  produce  modulated  light  output.  The  modulated  light  was  focused 
directly  onto  the  transparent  ITO  emitter  contacts  of  the  HBT.  The  oscillator  output 
spectra  were  monitored  and  recorded  with  a  spectrum  analyzer.  When  the  oscillator 
was  unlocked  but  the  frequency  of  the  injected  signal  (/,nj.)  was  close  to  the  oscillating 
frequency  (/opr.),  the  oscillator  output  spectra  contained  many  single-sided  sidebands. 
This  phenomena  is  very  similar  to  that  observed  in  the  case  of  microwave  injection. 
When  finj.  was  tuned  to  within  the  locking  range,  all  sidebands  disappeared  and  the 
phase  noise  was  significantly  reduced,  as  expected  for  an  injection-locked  oscillator.  The 
locking  range  as  a  function  of  RF  generator  output  power  is  also  plotted  in  Fig.  4.  In 
this  experiment,  a  locking  range  2.5  MHz  was  obtained.  This  locking  range  is  mainly 
limited  by  the  available  optical  RF  power.  Due  to  the  limitation  of  the  high  frequency 
response  of  the  laser  diode,  the  injected  optical  RF  power  is  about  30  dB  lower  than  the 
oscillator  output.  We  also  performed  a  microwave  injection  locking  experiment  on  the 
same  oscillator  and  a  locking  range  up  to  10  MHz  has  been  obtained  at  the  injection 
power  of  -10  dBm.  In  both  cases,  locking  range  as  a  function  of  RF  generator  power 
agrees  with  the  theoretically  predicted  square-root  dependence. 

For  optical  tuning,  CW  light  from  the  laser  diode  was  directly  focused  onto  the  HBT. 
The  optical  power  was  varied  by  changing  the  DC  bias  current  of  the  laser.  The  oscillator 
frequency  always  increased  as  the  optical  power  increased,  and  a  frequency  tuning  range 
of  up  to  25  MHz  was  measured  using  this  technique. 
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Figure  4:  Locking  range  as  a  function  of  RF  generator  output  power. 

2.2  Direct  optical  injection  locking  of  MMIC  Ino.53Gao.47As/ 
Ino.52Alo.48As  MODFET  oscillators 

The  Ino.53Gafl.47As/Ino.52Alo.48As/InP  material  system  is  attractive  for  optoelectronic 
applications  because  the  circuits  can  operate  at  wavelength  rangings  from  1.3  to  1.7pm. 
Pseudomorphic  InGaAs/InAlAs  MODFET’s  have  demonstrated  excellent  microwave 
performance.  In  addition,  X  and  W-band  MMIC  oscillators  using  pseudomorphic  MOD¬ 
FET’s  have  been  demonstrated.  We  achieved  direct  optical  subharmonic  injection  lock¬ 
ing  of  an  InGaAs/InAlAs  MODFET-based  MMIC  oscillator  for  the  first  time. 

Lattice-matched  Ino.53Gafl.47As/  Ino.52Alo.4sAs  MODFET  structures  were  grown  by 
molecular  beam  epitaxy  (MBE)  on  semi-insulating  InP  substrates.  An  InGaAs/  InAlAs 
superlattice  was  grown  first,  followed  by  a  3000A  undoped  InAlAs.  The  channel  consists 
of  550A  undoped  In0  53Gao.47As.  This  is  followed  by  a  50A  undoped  InAlAs  spacer,  a 
150A  n+-InAlAs  layer  Si-doped  at  2.0  x  1018cm"3,  and  a  250  A  undoped  InAlAs  barrier 
layer.  Finally,  a  150  A  n+-InGaAs  cap  layer  was  grown  to  facilitate  ohmic  contact 

formation.  _  . 

The  oscillator  design  employs  a  comon-source  circuit  configuration.  The  negative 

resistance  is  achieved  by  parallel  inductive  and  capacitive  feedback  elements.  The  MMIC 
oscillators  were  fabricated  using  the  following  steps:  mesa  isolation,  source-dram  ohmic 
contacts  formation,  gate  definition,  dielectric  film  deposition,  interconnection,  and  air¬ 
bridge  formation.  The  MODFET’s  have  0.25pm  gate  stripes  which  were  defined  using 
e-beam  lithography.  Two  oscillator  were  used  in  the  injection  locking  measurements. 
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Figure  5:  Injection  locked  spectrum  of  10.159  GHz  oscillator. 

The  oscillation  frequency  and  output  power  were  adjusted  by  tuning  the  drain  and 
gate  biases.  Oscillator  A  was  biased  at  Vg  =  0V  and  Vd  =  0.308V.  The  oscillation 
frequency  was  10.164  GHz  and  the  output  power  was  -12.8  dBm.  A  maximum  output 
power  of  1.2  dBm  can  be  obtained  at  higher  drain  bias.  Oscillator  B  oscillates  at  9.523 
GHz  and  19.034  GHz  with  power  levels  of  -14.3  dBm  and  -29.7  dBm,  respectively. 
Both  oscillators  were  optically  injection  locked  at  the  fundamental  and  subharmonic 
frequencies.  The  nonlinearity  in  the  laser  diode  and  the  MODFET  were  used  to  obtain 
frequency  multiplication. 

A  high-speed  Ortel  SL1020  AlGaAs  laser  diode  (A  =  840  nm)  modulated  by  a  mi¬ 
crowave  signal  source  was  used  as  light  source  for  the  injection  locking  experiment.  For 
the  injection  locking  of  oscillator  A,  the  laser  diode  was  modulated  at  4  dBm.  The 
injection  locked  spectrum  of  the  oscillator  at  10.159  GHz  is  shown  in  Fig.  5.  The 
stability  of  the  oscillator  was  improved  and  the  sideband  FM  noise  reduced.  The  fun¬ 
damental  and  subharmonic  locking  range  and  FM  noise  degradation  are  summarized 
in  Table  2.  An  optimum  locking  range  of  4.8  MHz  was  found  at  a  subharmonic  factor 
of  1/2.  Locking  range  was  increased  for  subharmonic  injection  locking.  The  FM  noise 
reduction  at  100kHz  offset  the  peak  is  about  -10  dBc  in  the  injection  locked  oscillator 
output  compared  with  that  of  free-runing  oscillator.  The  locking  range  decreased  when 
subharmonic  factor  decreased  below  1/6  due  to  comparatively  lower  modulation  power. 
For  oscillator  B,  injection  locking  was  achieved  at  both  oscillation  frequencies.  Only 
subharmonic  modulation  signals  were  used  for  19  GHz  injection  locking  since  the  laser 
operation  frequency  was  limited  by  its  relaxation  oscillation  frequency.  The  subharmon- 
ically  injection- locked  spectrum  of  the  oscillator  at  19.033GHz  is  shown  in  Fig.  6.  The 
subharmonic  factor  was  1/4.  A  summary  of  measured  data  is  shown  in  Table  3. 
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Figure  6:  Subharmonicaly  injection  locked  spectrum  of  MODFET  oscillator  at  19.03 
GHz. 


Subharmonic 

factor 

Frequency 

(GHz) 

Locking 
range  (MHz) 

FM  noise  reduction 
at  100  kHz  offset  (dBc)) 

1 

1/2 

1/3 

1/4 

1/6 

10.160 

5.080 

3.387 

2.540 

1.571 

3.0 

4.8 

3.6 

2.8 

0.5 

-10.0 

-11.0 

-11.3 

-9.7 

-6.0 

Table  2:  Locking  Range  and  FM  Noise  Reduction  of  the  Optical  Subharmonic  Injection 
Locking  of  Oscillator  A  at  10.159  GHz 


Subharmonic 

factor 

Frequency 

(GHz) 

Locking 
range  (MHz) 

FM  noise  reduction 
at  100  kHz  offset  (dBc)) 

1/2 

1/4 

1/6 

9.517 

4.758 

3.72 

1.6 

1.6 

1.8 

-11.0 

-10.0 

-9.3 

Table  3:  Locking  Range  and  FM  Noise  Reduction  of  the  Optical  Subharmonic  Injection 
Locking  of  Oscillator  B  at  19.033  GHz 
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3  Conclusion 

Two  different  schemes  for  optically  controlled  integrated  microwave  oscillators  have  been 
demonstrated  using  GaAs/AlGaAs  heterojunction  bipolar  transistors  (HBTs)  and  In- 
GaAs/InAlAs  MODFETs.  We  have  developed  an  optical  GaAs/AlGaAs  HBT  technol¬ 
ogy  using  transparent  indium-tin-oxide  (ITO)  emitter  contacts  for  convenient  optical 
access.  Optical  tuning  and  injection  locking  experiments  have  been  performed  on  6  GHz 
microwave  oscillators  made  of  these  devices.  Tuning  ranges  up  to  25  MHz  and  locking 
ranges  up  to  2.5  MHz  have  been  demonstrated  with  the  injection  of  optical  RF  power  at 
30  dB  below  the  oscillator  power  level.  Similarily,  monolithically  integrated  0.25/zm-gate 
InGaAs/InAlAs  MODFET  oscillators  demonstrate  direct  optical  injection  locking  at  10 

GHz  and  19  GHz. 


Acknowledgements 

The  authors  would  like  to  thank  Dr.  Victor  Rotberg  of  the  Michigan  Ion  Beam 
Laboratory  for  performing  the  high  energy  ion  implantation  and  Dr.  A.  Paolella  and 
Dr.  D.  Sturzebecher  at  U.S.  Army  LABCOM  for  their  help  during  some  of  the  mea¬ 
surements.  providing  the  measurement  and  useful  discussion.  This  work  is  supported 
by  the  Advanced  Research  Project  Agency  under  contract  F30602-92-C-0087. 


References 

[1]  R.D.  Esman,  L.  Goldberg,  and  J.F.  Weller,  “Optical  Phase  Control  of  Optically 
Injection-Locked  FET  Microwave  Oscillator,”  IEEE  TMTT,  37,  pp.  1512-1518, 
Oct.  1989. 

[2]  M.  Karakuguk,  W.Q.  Li,  P.N.  Freeman,  J.R.  East,  G.I.  Haddad  and  P.K.  Bhat- 
tacharya,“A  Direct  Optically  Injection  Locked  2.6  GHz  HBT  Oscillator,”  Optical 
and  Microwave  Technol.  Lett.,  6,  pp.  609-611,  August  1993. 

[3]  D.  Yang,  P.K.  Bhattacharya,  and  T.  Brock,  “Direct  optical  injection  locking  of 
monolithically  integrated  Ino.s3Gao.47As/Ino.52Alo.4sAs  MODFET  oscillators,  sub¬ 
mitted  for  publication  to  Electron.  Lett.,  April  1993. 

[4]  K.L.  Chopra,  S.  Major,  and  D.K.  Pandya,  “Transparent  Conductors  —  a  status 
review,”  Thin  Solid  Films ,  102,  pp.  1-46,  1983. 

[5]  S.  Nassen,  and  T.J.  Coutts,  “Indium  tin  oxide/gallium  arsenide  solar  cells,”  J.  Appl. 
Phys.,  58,  pp.  4463-4463,  Dec.  1985. 


V-5 

373 


[6]  X.  Li,  M.W.  Wanlass,  T.A.  Gessert,  K.A.  Emery,  and  T.J.  Coutts,  “High-efficiency 
indium  tin  oxide/indium  phosphide  solar  cells,”  Appl.  Phys.  Lett.,  54,  pp.  2674- 
2676,  June  1989. 

[7]  M.  Zirngible,  Y.  Hu,  R.  Sachot,  and  M.  Ilegems,  “Characterization  of  a  top- 
illuminated  p-i-n  diode  with  indium  tin  oxide  contact,  Appl.  Phys.  Lett.,  54,  pp. 
2076-2078,  1989. 

[8]  J.-W.  Seo,  A. A.  Ketterson,  D.G.  Ballegeer,  K.-Y.  Cheng,  I.  Adesida,  X.  Li,  and 
T.  Dessert,  “A  comparative  study  of  metal-semiconductor-metal  photodetectors  on 
GaAs  with  indium-tin-oxide  and  Ti/Au  electrodes,”  IEEE  Photon.  Technol.  Lett., 
4,  pp.  888-890,  Aug.  1992. 

[9]  S.J.  Pearton,  F.  Ren,  J.R.  Lothian,  T.R.  Fullowan,  A.  Katz,  P.W.  Wisk,  C.R.  Aber¬ 
nathy,  R.F.  Kopf,  R.G.  Elliman,  M.C.  Ridgway,  C.  Jagadish,  and  J.S.  Williams, 
“Use  of  MeV  0+  ion  implantation  for  isolation  of  GaAs/AlGaAs  heterojunction 
bipolar  transistors,”  J.  Appl.  Phys.  ,  71,  pp.  4949-4954,  May  1992. 


374 


V-5 


HIGH  SPEED  MONOLITHIC  ALLY  INTEGRATED 
PIN-MODFET  TRANSIMPEDANCE  PHOTORECEIVERS 


A.L.  Gutierrez-Aitken,  P.  Bhattacharya,  Y.C.  Chen,  D.  Pavlidis,  and  T.  Brock 


Solid  State  Electronics  Laboratory 
Department  of  Electrical  Engineering  and  Computer  Science 
The  University  of  Michigan,  Ann  Arbor,  MI  48109-2122 


ABSTRACT 

The  performance  characteristics  of  transimpedance  and  transimpedance/voltage  photore¬ 
ceivers  using  an  Ino.53Gao.47As  p-i-n  photodiode  integrated  with  a  0.1  p m  gate  length  regrown 
pseudomorphic  Ino.6oGao.40As  MODFET  realized  by  MBE  have  been  investigated.  The  photo¬ 
diode  exhibits  very  low  dark  current  and  a  responsivity  of  0.6  A/W  at  A=1.55  pm.  The  regrown 
MODFETs  have  extrinsic  transconductance  values  as  high  as  610  mS/mm  and  channel  currents 
up  to  350  mA/mm  at  a  drain  bias  of  1.5  V.  The  measured  temporal  response  of  the  photoreceiver 
with  a  transimpedance  amplifier  exhibits  a  FWHM  value  of  90  ps  and  a  transimpedance  gain 
of  45  dBD  with  a  800  D  feedback  resistor.  This  photoreceiver  demonstrated  24  dB  optical-to- 
electrical  conversion  gain  at  9.3  GHz.  The  photoreceiver  with  a  transimpedance/voltage  ampli¬ 
fier  shows  a  FWHM  of  200  ps  and  a  transimpedance  gain  of  63  dBD  with  a  1.2  KD  feedback 
resistor. 


I.  INTRODUCTION 

High  speed,  high  sensitivity  photoreceivers  are  required  for  long-distance  transmission 
and  interconnection  optical  systems.  Monolithically  integrated  photoreceivers  are  projected  to 
have  advantages  because  of  their  reduced  parasitic  elements,  small  size,  compactness  and  high 
reliability [1].  The  fabrication  of  a  high  performance  monolithically  integrated  photoreceiver 
usually  demands  different  optimized  layer  structures  for  the  photodetector  and  the  amplifying 
device.  A  variety  of  photoreceivers  have  been  reported  using  either  of  two  approaches  to  choose 
the  devices  to  be  integrated.  One  approach  is  to  use  the  same  structure  for  both  devices[2]-[4], 
compromising  to  some  extent  the  individual  performance  in  order  to  have  a  compatible  fabri¬ 
cation  process.  The  second  approach  is  to  use  independently  optimized  structures,  which  in 
general  will  require  a  more  involved  fabrication  process  but  with  the  advantage  of  high  inte¬ 
grated  performance.  One  way  to  integrate  independently  optimized  structures  is  to  use  single 
epitaxial  growth  with  stacked  structures  where  the  epilayer  consists  of  one  structure  on  top  of  the 
other[5]-[7].  An  alternative  approach  is  to  use  two-step  epitaxial  growth,  where  the  first  struc¬ 
ture  is  selectively  etched  away  before  the  second  structure  is  grown  on  top  of  the  substrate[8],[9]. 
With  this  method,  parasitic  elements  between  different  structures  are  eliminated  and  a  more 
planar  surface  is  obtained.  However,  the  wafer  preparation  before  the  second  epitaxial  growth 
is  critical  for  device  and  circuit  performance. 


V-6 


0-7803-0894-8/93  $3.00  ©  1993  IEEE 


375 


Many  integrated  front-end  photoreceivers  using  a  transimpedance  configuration  based  on 
compatible  or  stacked  structures  have  been  reported  but  none  have  a  regrown  transimpedance 
amplifier.  We  report  in  this  work  the  fabrication  and  characterization  of  InP-based  monolithi- 
cally  integrated  p-i-n  photodiode  and  0.1  /im  gate  length  regrown  MODFET  photoreceiver  using 
transimpedance  and  transimpedance/voltage  amplifiers  for  the  first  time. 


II.  CIRCUIT  DESIGN  AND  FABRICATION 

Figure  1(a)  shows  the  circuit  diagram  of  the  photoreceiver  with  a  transimpedance  amplifier. 
It  consists  of  a  p-i-n  photodiode  (Di),  a  common  source  amplifier  (Qi)  with  its  output  dc 
coupled  to  a  source-follower  buffer/level-shift  stage  (Q2)  and  an  output  buffer  ( Q3 )  to  provide 
50  f l  matching  output  impedance.  The  use  of  a  800  fl  feedback  resistor  (R f)  allows  a  large 
bandwidth  operation  without  limiting  the  sensitivity  of  the  photoreceiver  due  to  thermal  noise. 
The  design  includes  a  3.6  nH  input  inductor  and  a  4  pF  capacitor  in  parallel  with  the  level 
shifter  resistor  to  improve  the  high  frequency  response.  The  simulated  3  dB  bandwidths  without 
and  with  Li  and  C ls  are  2.1  GHz  and  10.8  GHz  respectively.  The  inductor  also  reduces  the 
effective  noise  contribution  from  Rp  to  the  total  output  noise  power  density  within  the  electrical 
bandwidth  of  the  circuit.  Figure  1(b)  shows  the  circuit  diagram  of  the  photoreceiver  with  a 
transimpedance/voltage  amplifier.  This  photoreceiver  circuit  incorporates  a  two-stage  voltage 
amplifier  between  the  transimpedance  input  stage  and  the  output  buffer.  The  feedback  resistor, 
input  inductor  and  capacitors  are  1.2  Kft,  4.6  nH  and  1  pF  respectively.  The  simulated  3  dB 
bandwidths  for  this  circuit  without  and  with  Li,  Glsi,  Cls2  and  Cls3  are  1-3  GHz  and  3.6  GHz 
respectively. 

Figures  2(a)  and  (b)  show  the  photodiode  and  MODFET  layer  structures  used  in  our 
design.  The  p-i-n  photodiode  with  a  0.8  /im  i-Ino.53Gao.47As  region  sandwiched  between 
Ino.52Alo.48As  window  and  contact  layers  is  grown  first  by  solid-source  molecular  beam  epi¬ 
taxy.  The  thickness  of  the  i  region  is  optimized  considering  the  responsivity  of  the  photodiode, 
transit-time  speed  limitation  and  the  3  dB  bandwidth  related  to  the  frequency  response  of  the 
electrical  circuit.  The  wafer  is  then  patterned  with  a  SiOx  mask  and  the  p-i-n  structure  is  se¬ 
lectively  etched  away  down  to  the  S.I.  InP  substrate.  Next,  the  wafer  is  prepared  and  cleaned 
thoroughly  before  the  150  A  strained  Ino.60Gao.40As  channel  MODFET  is  regrown.  The  wafer 
is  then  processed  conventionally  to  fabricate  the  photoreceiver  circuits.  Ohmic  contacts  to  the 
source  and  drain  regions  of  the  MODFET  and  the  n+  layer  of  the  photodiode  were  made  by 
electron-beam  evaporation  of  Ni/Ge/Au/Ti/Au.  The  p+  ohmic  contact  for  the  photodiode  was 
made  by  evaporating  Pd/Zn/Pd/Au.  The  MODFETs  have  a  drain-source  spacing  of  2  /z m  and 
a  7T-gate  layout  to  reduce  gate  resistance.  The  0.1  /im  length  T-gate  is  fabricated  using  a  bilayer 
e-beam  photoresist  process  to  lift-off  Ti(500  A)/Au(2500  A).  The  resistors  are  realized  by  evap¬ 
orating  and  lifting-off  a  thin  layer  of  Titanium  (Ti)  with  sheet  resistance  of  Ra  =  20  D/D.  The 
capacitors  are  fabricated  using  the  gate  and  the  interconnection  metallizations  as  planar  elec¬ 
trodes  separated  by  a  ~1500  A  sputtered  SiOx  dielectric  layer.  The  inductors  are  realized  using 
the  interconnection  metallization  in  a  rectangular  spiral  layout.  Finally,  pillars  and  air-bridges 
are  plated  to  complete  the  circuit. 
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Figure  2:  (a)  PIN  photodiode,  and  (b)  MODFET  structures  showing 
the  epitaxial  layer  characteristics. 


III.  MEASUREMENT  AND  EXPERIMENTAL  RESULTS 

For  the  resistors  an  average  value  of  R5  =  24.6  ft/Q  is  achieved  for  600  A  of  Ti.  Values 
of  50  fi  to  2400  ft  are  obtained  consistently  with  tolerances  of  ±15  %  across  the  sample.  The 
capacitors  show  leakage  currents  of  the  order  of  10  nA  for  voltage  biases  of  ±1  V  and  the 
capacitance  value  is  within  ±20  %  for  DC  voltage  biases  from  -4  V  to  ±4  V.  Ihe  630  fim  p-i-n 
photodiodes  have  breakdown  voltages  of  16-18  V,  a  leakage  current  of  <35  nA  at  -10  V,  and  a 
responsivity  of  0.6  A/W  at  A=1.55  fim  with  antireflecting  coating. 

The  I-V  and  transfer  characteristics  of  a  regrown  0.1  /im  gate  length  MODFET  are  shown 
in  Figs.  3(a)  and  (b)  respectively.  The  peak  extrinsic  transconductance  (gm)  of  isolated 
as-grown  MODFETs  is  810  mS/mm  with  channel  current  densities  up  to  460  mA/mm  at  a  drain 
bias  of  1.5  V,  whereas  the  regrown  MODFETs  have  a  peak  transconductance  of  610  mS/mm 
with  current  densities  up  to  350  mA/mm  at  a  drain  bias  of  1.5  V.  To  our  knowledge  these  are 
the  highest  gm  values  reported  for  regrown  0.1  gate  length  InP-based  MODFETs. 

The  response  speed  of  the  photoreceiver  was  measured  using  15  ps  (FWHM)  pulses  at 
A=1.55  n m  from  a  color  center  laser  coupled  to  a  single  mode  fiber.  The  as-cleaved  fiber  tip 
was  placed  vertically  on  top  of  the  photodiode  at  a  distance  of  ~4  /rm  using  an  optical  probe. 
The  circuits  were  diced  and  bonded  to  a  coplanar  waveguide  test  fixture.  The  photodiode  was 
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Figure  4:  Measured  temporal  response  of  the  photoreceiver  with 
a  transimpedance  amplifier. 

biased  at  -6  V  using  a  microwave  bias-T  network.  The  output  was  taken  using  another  bias-T 
to  a  sampling  head  of  <25  ps  rise  time.  The  deconvolved  impulse  response  of  the  photoreceiver 
with  a  transimpedance  amplifier  with  bias  optimized  for  speed  is  shown  in  Fig.  4.  A  FWHM 
of  90  ps  and  a  rise  time  of  60  ps  with  a  transimpedance  gain  of  45  dBfi  were  obtained.  This 
photoreceiver  demonstrated  24  dB  of  optical-to-electrical  conversion  gain  at  9.3  GHz. 

The  temporal  response  of  the  photoreceiver  with  a  transimpedance/voltage  amplifier  is 
shown  in  Fig.  5.  A  FWHM  of  200  ps  and  a  rise  time  of  110  ps  with  a  transimpedance  gain  of 
63  dBfi  were  obtained.  The  3  dB  bandwidth  for  this  circuit,  obtained  from  Fourier  transforma¬ 
tion  of  the  temporal  response,  is  2.5  GHz. 


IV.  CONCLUSION 

In  conclusion,  we  have  successfully  fabricated  and  characterized  high  speed  PIN-MODFET 
integrated  photoreceivers  with  transimpedance  and  transimpedance/ voltage  amplifiers  based 
on  regrown  0.1  /im  gate  length  MODFETs.  The  PIN  photodiode  showed  leakage  currents  of 
<  35  nA  at  -10  V,  and  a  responsivity  of  0.6  A/W.  The  regrown  MODFETs  demonstrated  high 
transconductance  with  peak  values  of  610  mS/mm  and  current  densities  up  to  350  mA/mm  at  a 
drain  bias  of  1.5  V.  The  measured  temporal  response  of  the  photoreceiver  with  transimpedance 
amplifier  showed  a  FWHM  of  90  ps  with  a  transimpedance  gain  of  45  dBO.  This  photoreceiver 
showed  24  dB  of  optical-to-electrical  conversion  gain  at  9.3GHz.  The  photoreceiver  with  a 
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Figure  5:  Measured  temporal  response  of  the  photoreceiver  with 
a  transimpedance/ voltage  amplifier. 

transimpedance/voltage  amplifier  exhibited  a  FWHM  of  200  ps  and  a  bandwidth  of  2.5  GHz 
with  a  transimpedance  gain  of  63  dBD.  These  results  verify  the  feasibility  of  OEICs  using 
regrowth  to  integrate  independently  optimized  structures. 
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ABSTRACT 


This  presentation  describes  the  design  of  two  MSM  waveguide  photodetectors  which 
share  their  layer  structure  with  high  electron  mobility  transistors.  This  design 
makes  these  detectors  particularly  suited  to  integration  with  HEMTs  in  OEIC's. 

Resistive  loss  at  the  electrode  surface,  radiation  loss  into  the  substrate,  and  scattering 
loss  are  all  accounted  for  in  the  optimization  for  internal  detection  efficiency  of 
these  50GHz  detectors. 


I.  INTRODUCTION 


Waveguide  photodetectors  are  well  suited  for  use  in  optoelectronic  integrated 
circuits.  Their  optical  waveguide  structure  makes  them  compatible  with  optical 
signal  routing  and  processing.  MSM  waveguide  detectors  have  the  added  advantage 
that  their  planar  electrodes  are  well  suited  to  easy  integration  with  high  speed 
transistors.  Those  same  planar  electrodes  have  a  very  low  capacitance,  especially 
compared  to  the  parallel  plate  electrodes  of  waveguide  p-i-n  detectors,  which  allows 
long  absorption  lengths  and  high  detection  efficiencies.  Many  others  have  reported 
MSM  waveguide  photodetectors  suitable  for  use  in  OEIC's1’^,  however,  we  believe 
our  design  is  unique  because  we  utilize  the  same  layer  structure  as  a  HEMT  for  these 
detectors,  thus  enhancing  the  suitability  of  these  detectors  for  OEIC's.  Once  we 
committed  to  the  transistor  layer  structure,  in  which  the  absorber  is  a  thin  InGaAs 
quantum  well,  the  MSM  waveguide  structure  became  the  only  way  to  achieve  good 
responsivity  and  high  speed  simultaneously.  We  will  discuss  the  design  of  two 
detectors,  with  the  structures  shown  in  Fig  1.  The  first  we  call  the  longitudinal 
detector,  because  the  electrodes  run  along  the  waveguide  ridge.  The  second  we  call 
the  transverse  detector  because  the  interdigitated  electrode  fingers  run 
perpendicular  to  the  waveguide.  In  the  interdigitated  design,  the  waveguide  ends 
just  before  the  detector,  and  the  fingers  lie  on  a  flat  surface.  This  geometry  prevents 
carriers  being  generated  in  the  deep  fringing  electric  field  under  the  ridge. 

First  wc  will  discuss  design  considerations  applicable  to  both  versions  of  the  detector. 
These  include  the  layer  structure,  quantum  well  disordering,  bandwidth  constraints, 
and  parasitic  losses.  Then  wc  will  show  how  these  considerations  were  applied  to  the 
longitudinal  and  transverse  detector  designs. 
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II.  COMMON  DESIGN  CONSIDERATIONS 


LAYER  STRUCTURE 


On  the  left  in  Fig  2  is  the  layer  structure  of  a  standard  HEMT4.  From  the  top  down,  the 
layers  are  an  n+  GaAs  ohmic  contact  layer,  an  AlGaAs  barrier  layer,  a  thin  GaAs 
smoothing  layer,  an  InGaAs  pseudomorphic  channel,  a  GaAs  subchannel,  an 
AlGaAs/GaAs  superlattice  smoothing  buffer,  and  the  GaAs  substrate.  In  this  form, 
this  structure  is  unsuitable  for  waveguide  photodetectors  because  it  does  not  support 
any  guided  modes;  no  part  of  the  structure  acts  as  a  lower  optical  cladding.  On  the 
right  is  the  layer  structure  we  designed  to  support  both  HEMTs  and  MSM 
photodctectors.  All  the  layers  from  the  n+  contact  layer  through  the  InGaAs  channel 
remain  untouched,  since  these  are  critical  to  the  performance  of  the  transistors.  To 
support  transverse  waveguiding,  we  increased  the  thickness  w  of  the  SL  buffer  to  act 
as  a  lower  cladding.  The  GaAs  subchannel  now  acts  as  the  primary  optical  guiding 
layer;  we  changed  its  thickness,  d,  to  optimize  the  sensitivity  of  the  detectors.  We  also 
added  a  GaAs  layer  on  top  to  form  the  waveguide  ridge.  The  thickness  t  of  that  ridge 
was  also  a  parameter  in  our  design.  Below  the  ridge  layer  is  a  thin  AlGaAs  layer  that 
acts  as  an  etch  stop  layer,  allowing  the  etching  of  the  ridges  and  uncovering  of  the 
undisturbed  transistor  contact  layer  in  one  simple  step.  The  InGaAs  pseudomorphic 
channel  is  used  as  the  absorber  for  the  detectors.  We  expect  the  absorption  edge  to  be 
at  0.98  pm,  at  which  wavelength  the  other  materials  in  the  structure  are 
transparent. 


At  the  bottom  of  Fig  2  is  a  scale  drawing  of  the  detector  structure  showing  the 
approximate  modal  intensity  distribution  in  the  layers.  The  structure  forms  a  highly 
asymmetric  waveguide.  Since  the  QW  absorber  is  close  to  the  low-index  upper 
cladding,  the  major  design  challenge  is  to  maximize  the  light  intensity  in  the 
absorber  while  minimizing  parasitic  losses.  One  way  we  elimilated  parasitic  loss  is  by 

selectively  disordering  the  quantum  well,  as  indicated  in  the  figure.  By  heating  the 
material  in  the  presence  of  a  silicon  dioxide  cap,  the  diffusion  of  group  III  elements 
greatly  increases,  turning  the  InGaAs  in  the  QW  into  a  quarternary  with  higher 
bandgap-*\  We  employ  this  technique  to  eliminate  absorption  under  the  electrodes 
where  the  electric  field  is  weak,  and  also  in  the  waveguides  leading  to  the  detector. 


BANDWIDTH  CONSIDERATIONS 


These  detectors  were  designed  with  a  3dB  frequency  of  50  GHz  for  use  in  a  44GHz 
integrated  preamp.  There  are  two  limitations  to  the  bandwidth  of  a  photodetector:  the 

transit  time  of  photogenerated  carriers  and  the  capactitance  of  the  electrodes. 

Unlike  conventional  bulk  MSM  detectors  in  which  the  carriers  follow  the  curved 
electric  field  lines,  the  carriers  in  our  detectors  arc  confined  in  the  quantum  well, 
and  thus  follow  straight  paths  as  in  a  p-i-n  diode.  For  this  case,  the  transit  lime 
limited  bandwidth  can  be  expressed  as  0.45  v/L  6, where  v  is  the  saturation  velocity  of 
the  carriers  and  L  is  the  transit  distance.  With  a  saturation  velocity  of  10^  cm/s,  the 
transit  distance  must  be  at  most  0.9  pm  in  order  to  obtain  a  50  GHz  bandwidth.  The 
spacing  of  the  electrodes  in  our  design  is  thus  0.9  pm. 
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We  calculated  the  capacitance  of  the  edge  coupled  electrodes  with  a  standard 
conformal  mapping  technique^.  In  order  to  obtain  the  capacitance  limited 
bandwidth,  we  calculated  the  charging  time  into  a  standard  50fl  load,  and  inverted  it 
to  get  a  bandwidth. 


PARASITIC  LOSSES 


We  considered  four  sources  of  parasitic  loss.  Absorption  by  the  QW  in  undesireable 
regions,  such  as  under  the  electrodes  and  in  the  waveguides  leading  to  the  detector, 
we  have  eliminated  with  selective  quantum  well  disordering.  Scattering  out  of  the 
waveguide  is  caused  by  roughness  in  the  surfaces  of  the  structure,  and  is  mostly  a 
processing  issue.  Typical  values  for  this  loss  reported  on  structures  similar  to  ours 
were  about  1  cm'1  8’9,  which  is  small  compared  to  other  losses  in  the  system,  so  we 
ignored  this  loss. 


Since  the  lower  optical  cladding  has  a  finite  thickness,  some  optical  energy  will  leak 
into  the  substrate.  Because  our  lower  cladding  is  formed  of  many  many  layers  of 
superlattice,  it  was  important  to  keep  the  layer  as  thin  as  possible.  Fig  3  shows  the 
attenuation  coefficient  due  to  leakage  into  the  substrate  as  a  function  of  the  lower 
clad  thickness  w  for  various  values  of  the  guide  layer  thickness  d.  The  reference 
line  is  1  cm'1,  the  approximate  scattering  loss.  Our  detectors  use  0.3  pm  guides,  for 
which  a  1.5  pm  lower  clad  gives  a  loss  a  decade  less  than  the  scattering  loss.  That 
thickness  required  a  reasonable  150  periods  of  the  superlattice,  so  we  chose  w  — 1.5  pm 
and  ignored  substrate  radiation  loss  in  future  calculations. 


Real  metal  electrodes  have  finite  resistivity,  which  causes  loss  where  the  optical  field 
meets  the  metal  surface.  This  loss  is  quite  substantial,  and  plays  a  major  role  in  our 
design  tradeoffs.  Fig  4  shows  attenuation  coefficient  due  to  resistive  loss  at  the 
electrodes  as  a  function  of  d,  the  guide  thickness.  We  calculated  this  loss  by  inserting 

the  complex  dielectric  constant  of  the  metal,  and  solving  for  the  imaginary  part  ol 
the  propagation  constant  of  the  optical  mode'9.  These  losses  are  fairly  large, 
especially  for  thin  guides,  for  which  the  optical  mode  tends  to  spread  into  the  metal 
surface. 


III.  LONGITUDINAL  DETECTOR 


Fig  5  is  a  plot  of  the  optical  intensity  fraction  in  the  QW  absorber  as  a  function  of  d 
for  various  ridge  thicknesses  t.  As  expected,  thicker  ridges  give  better  lateral 
confinement,  increasing  the  intensity  fraction  in  the  absorber.  Thinner  guide 
layers  give  higher  intensity  fractions  since  the  absorber  is  near  the  top  of  the  guide, 
so  spreading  the  mode  out  actually  increases  the  intensity  fraction  in  the  absorber. 
For  combinations  of  t  and  d  above  those  shown  here,  the  waveguides  became  multi 
mode.  Because  the  distribution  of  power  among  the  modes  of  a  multimode  waveguide 
is  virtually  impossible  to  know  a  priori ,  and  the  detection  efficiency  of  the  structure 
varies  for  the  different  modes,  we  constrained  ourselves  to  single  mode  waveguides, 
allowing  calculation  and  optimization  of  the  detection  efficiency. 
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With  the  same  parameters,  Fig  6  shows  the  maximum  detection  efficiency,  calculated 
as  the  ratio  of  power  absorbed  in  the  QW  to  total  power  absorbed.  This  would  be  the 
detection  efficiency  of  an  infinitely  long  detector.  The  best  achievable  efficiency  is 
about  the  same  for  many  combinations  of  d  and  t.  We  chose  a  0.3  |im  guide  with  a  0.1 
pm  ridge;  this  design  has  sufficiently  large  absorption  that  a  250  pm  long  detector 
gives  90%  detection  efficiency.  The  device  could  be  made  about  four  times  longer 
before  its  response  would  be  capacitance  limited.  We  restricted  ours  to  250  pm  so  it 
would  be  short  compared  to  the  modulation  wavelength  at  44GHz. 


IV.  TRANSVERSE  DETECTOR 


In  order  to  discuss  the  design  of  the  transverse,  intcrdigitatcd  detector,  we  must  first 
define  some  terminology.  The  maximum  internal  efficiency  is  the  same  as  defined 

above.  The  lateral  efficiency  is  the  fraction  of  the  lateral  optical  intensity 
distribution  covered  by  the  electrode  fingers.  This  quantity  is  related  to  the  length 
of  the  electrode  fingers.  The  internal  efficiency  is  the  net  dcteclion  efficiency, 

accounting  for  lateral  efficiency  and  finite  length. 


Fig  7  shows  maximum  internal  efficiency  vs  d  for  two  values  of  electrode  finger 
width.  In  both  cases,  the  space  between  the  electrode  fingers  was  0.9  pm.  The 

narrower  fingers  give  better  efficiency  because  there  is  less  resistive  loss  at  the 
electrode  surfaces.  0.1  pm  fingers  are  difficult  to  fabricate  reliably,  however,  so  we 
used  0.25  pm  fingers  in  our  design.  The  electrodes  lie  on  a  flat  surface  in  this  design, 
so  the  ridge  thickness  t  is  not  a  parameter.  Although  the  maximum  internal 
efficiency  is  practically  independent  of  the  guide  thickness,  the  total  absorption 
coefficient  is  largest  for  the  smallest  d,  as  we  saw  earlier.  Unlike  the  longitudinal 
detector,  this  detector  is  capacitance  limited,  so  it  was  necessary  to  use  a  0.3  pm  guide 
layer  to  get  the  smallest  absorption  length. 


With  the  absorption  maximized,  the  detection  efficiency  of  this  detector  was 
maximized  by  varying  the  initial  length  of  the  electrode  fingers  and  the  spreading 
angle  of  the  light  exiting  the  waveguide.  The  spreading  angle  is  controlled  by 
varying  the  lateral  width  of  the  waveguide  mode.  Fig  8  represents  an  optimization  of 
those  two  parameters  for  maximum  internal  efficiency  as  a  function  of  lateral 
efficiency.  The  best  performance  comes  at  a  surprisingly  large  98.5%  lateral 
efficiency,  and  the  internal  efficiency  is  significantly  degraded  from  T|  internal  ,m  ax 
because  capacitance  limits  the  length  of  the  device. 


V. CONCLUSIONS 


Both  the  longitudinal  and  transverse  detectors  share  the  layer  structure  of  HEMTs, 
modified  from  the  original  HEMT  structure  to  include  a  0.3  pm  optical  guiding  layer 
and  a  1.5  pm  optical  lower  cladding.  Both  are  very  efficient,  and  short  compared  to 
the  modulation  wavelength  at  44GHz.  Both  employ  quantum  well  disordering  to 
eliminate  absorption  in  the  waveguides  leading  to  the  detectors. 


386 


V-7 


The  longitudinal  detector  exhibits  a  particularly  high  detection  efficiency  of  90%, 
and  uses  a  GaAs  waveguide  ridge  0.9  pm  wide  and  0.1  pm  thick.  It  uses  quantum  well 
disordering  to  eliminate  carrier  generation  under  the  electrodes.  The  capacitance  ol 
the  device  is  about  1/4  of  the  capacitance  that  would  limit  the  response.  All  the 
dimensions  of  the  device  are  large  enough  to  be  fabricated  entirely  by  optical 

lithography. 


The  transverse  detector  has  a  somewhat  lower  internal  efficiency,  and  uses 
interdigitated  electrodes  in  a  fan  shape  5  pm  long  at  one  end  and  15  pm  long  at  the 
other.  The  mode  shape  required  for  best  efficiency  is  realizable  with  a  waveguide 
ridge  made  from  AlGaAs  and  Si02-  The  0.25  pm  electrode  fingers  with  0.9  pm  spaces 
used  in  this  design  would  need  to  be  fabricated  by  electron  beam  lithography. 


We  have  demonstrated  that  it  is  possible  to  design  very  efficient  high  speed  MSM 
waveguide  photodetectors  based  on  a  layer  structure  compatible  with  high  electron 
mobility  transistors. 
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ABSTRACT 

We  report  the  fabrication  of  a  1  pm  photoconductive  gap  voltage  step  generator  with 
constant  output  voltage  of  0.10  V  for  100  ps  and  a  2  ps  rise  time.  The  photoconductor  is 
fabricated  on  GaAs/AlGaAs  MODFET  material  and  uses  the  two-dimensional  electron  gas  in 
the  FET  channel  as  the  conductive  medium.  It  is  fully  process-compatible  with  MODFETs. 
In  devices  with  standard  ohmic  contacts,  the  output  current  stayed  constant  for  up  to  50  ps, 
even  though  the  electric  field  in  the  gap  is  expected  to  collapse  in  less  than  1  ps.  Two- 
dimensional  device  simulations  show  that,  although  the  field  in  the  gap  does  collapse  on  the 
expected  time  scale,  the  current  is  initially  determined  by  the  contacts.  A  new  photoconductor 
design,  in  which  the  ohmic  contacts  are  laterally  recessed  from  the  etched  gap  region,  further 
delayed  field  collapse,  extending  constant  voltage  operation  to  100  ps. 


I.  INTRODUCTION 

Most  research  on  photoconductors  has  been  directed  toward  their  use  as  high-speed 
sampling  gates  [1],  high-speed,  high-voltage  switches  [2],  and  generation  and  detection  of 
free-space  radiation  [3].  For  these  applications,  much  effort  has  been  concentrated  on  reducing 
the  time  duration  of  the  photoconductor  response  to  an  impulse  function  on  the  picosecond 
time  scale.  However,  it  is  also  important  to  generate  a  voltage  step  function  with  a  picosecond 
rise  time  in  order  to  study  the  step  response  of  electronic  devices.  A  step  rather  than  a  pulse  is 
required  when  measuring  the  large-signal  nonlinear  response  of  the  device.  Such 
measurements  will  yield  information  about  nonequilibrium  carrier  transport  phenomena,  such 
as  velocity  overshoot,  which  may  substantially  enhance  device  performance.  These  transport 
effects,  which  have  been  studied  extensively  by  Monte  Carlo  simulations  [4-7],  are  expected  to 
be  seen  in  GaAs  on  the  picosecond  time  scale,  but  have  not  been  directly  measured  in 
electronic  devices  [8].  To  pursue  this  study,  it  is  necessary  to  fabricate  a  switch  that  can  turn 
on  the  electronic  device  under  test  with  a  fast  rise  time  (~1  ps),  and  can  also  yield  a  constant 
output  voltage  during  the  entire  measurement  window  (~40  ps).  It  is  desirable  to 
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monolithically  integrate  this  switch  with  the  device  under  test.  In  this  paper,  we  present  the 
fabrication  and  high-speed  characterization  of  a  photoconductive  gap  picosecond  voltage  step 
generator  fabricated  on  GaAs/AlGaAs  MODFET  material. 


II.  MEASUREMENT  PRINCIPLES 

Figure  1  shows  a  measurement  scheme  in  which  a  photoconductive  gap  provides  the 
picosecond  voltage  step  function  required  for  testing  the  step  response  of  a  modulation-doped 
field-effect  transistor  (MODFET).  In  this  configuration,  the  MODFET  is  initially  biased  into 
pinch-off.  When  light  shines  on  the  photoconductive  gap,  it  will  provide  a  fast  rise  time  signal 
to  switch  on  the  FET.  The  output  current  of  the  FET  is  then  measured  with  a  high-speed 
measurement  technique  such  as  electro-optic  sampling,  which  will  be  described  in  detail  in 
Section  V.  If  parasitics  are  minimized,  the  output  current  of  the  device  will  be  indicative  of 
the  electron  velocity  inside  the  device.  In  order  to  measure  the  step  response  of  the  FET,  it  is 
necessary  for  the  photoconductor  output  voltage  to  remain  constant  over  the  entire 
measurement  window. 

It  is  advantageous  to  use  a  photoconductive  (PC)  gap  to  provide  the  voltage  step 
function  to  the  FET  for  several  reasons.  First,  a  rise  time  of  approximately  1  ps  is  needed, 
limiting  the  choices  to  photoconductive  gaps  [1],  resonant  tunneling  diodes  [9],  or  nonlinear 
transmission  lines  [10],  Also,  to  avoid  signal  distortion  and  parasitics  associated  with  bond 
wires,  it  is  desirable  to  monolithically  integrate  the  switch  with  the  FET.  It  is  possible  to 
design  a  photoconductive  gap  that  can  be  monolithically  integrated  with  a  MODFET  and 
requires  no  additional  epitaxial  layers  or  compromises  in  the  FET  design.  Also,  since  an 
optical  measurement  technique  is  used,  it  is  beneficial  that  the  step  function  generator  be 
switched-on  optically.  This  is  because  the  same  laser  pulse  may  be  used  to  switch  on  the  step 
generator  (and  hence  the  FET)  and  to  measure  the  FET  response.  Thus,  the  two  are  inherently 
synchronized,  eliminating  loss  of  temporal  resolution  due  to  timing  jitter  encountered  when 
synchronizing  electronic  sources  to  the  laser. 


III.  PHOTOCONDUCTOR  DESIGN 

First,  consider  a  photoconductor  in  which  the  ohmic  contacts  are  flush  with  the  etched 
gap  edges,  referred  to  as  the  "ohmic  PC.”  It  was  expected  that  the  current  out  of  such  a 
photoconductor  would  decay  very  rapidly  even  though  both  the  recombination  lifetime  and  the 
transit  time  may  be  long.  This  is  because  photogenerated  holes  that  transit  away  from  the 
anode  cannot  be  replenished  through  the  n-type  ohmic  contacts.  This  imbalance  of  electron 
charge  near  the  anode  causes  a  highly  resistive  space  charge  region  to  form,  and  most  of  the 
applied  voltage  is  dropped  across  this  region.  This  is  referred  to  as  “field  collapse,”  because 
the  electric  field  is  reduced  to  zero  across  the  remainder  of  the  gap. 

Field  collapse  has  been  measured  experimentally  inside  photoconductors  [11]  and  was 
expected  to  switch  off  the  PC  response  in  less  than  1  ps.  To  delay  field  collapse  and  to  allow  a 
constant  output  voltage  over  the  40  ps  measurement  window,  we  designed  a  new  type  of 
photoconductor,  which  we  call  the  “recessed-ohmic  (RO)  PC.”  In  this  design,  shown  in  Figure 
2,  the  ohmic  contacts  are  laterally  recessed  from  the  etched  gap  region,  leaving  2  pm  of 
unetched  material  between  the  gap  and  either  ohmic  contact.  It  is  expected  that  the  ionized 
donors  in  the  unetched  regions  will  provide  positive  charge  to  compensate  the  otherwise 
unbalanced  electron  concentration,  delaying  formation  of  the  space  charge  region  and  hence 
the  onset  of  field  collapse.  After  the  holes  transit  into  the  etched  gap  region,  the  device  is 
expected  to  behave  like  an  ohmic  PC. 
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IV.  EPITAXIAL  LAYERS  AND  DEVICE  PROCESSING 

The  photoconductors  were  fabricated  on  MBE-grown,  modulation-doped  material, 
optimized  to  obtain  good  characteristics  for  the  MODFETs  with  which  the  photoconductors 
will  be  integrated  in  the  future.  The  dopants  are  provided  by  atomic  planar  doping  with  a  sheet 
charge  density  of  4.0  x  1012  /cm2,  and  the  Alo.25Gao.75As  spacer  layer  between  this  doping 
and  the  undoped  GaAs  channel  is  20  A.  Above  the  doping  is  a  300A  undoped  AlGaAs  layer, 
followed  by  a  100  A  undoped  GaAs  layer.  The  mobility  at  room  temperature  is  approximately 
6000  cm2/Vsec,  and  simulations  indicate  that  the  charge  in  the  channel  is  approximately  1.2  x 
1012/cmA 

The  process  flow  used  to  fabricate  the  photoconductors  is  shown  in  Figure  3.  First, 
ohmic  contacts  are  defined  by  depositing  and  annealing  Au:Ge:Ni  contacts.  Then,  the  material 
between  the  ohmics  is  etched  using  an  H3P04-.H202:H20  etch,  until  the  two-dimensional 
election  gas  in  the  FET  channel  is  depleted.  This  etch  depth  is  determined  by  monitoring  the 
resistance  of  the  material  in  an  etched  region.  The  etched  gap  sizes  range  from  1x10  pm  to  4 
x  10  um  for  both  ohmic  and  RO  PCs.  Finally,  a  Ti:Au  interconnect  layer  is  deposited  to 
define  50  £2  coplanar  waveguide  (CPW)  transmission  lines.  This  process  is  completely 
compatible  with  a  standard  MODFET  fabrication  process. 


V.  EXPERIMENTAL  SET-UP 

The  laser  system  used  to  test  the  photoconductors  is  a  mode-locked  Nd:YAG  laser 
followed  by  two  fiber-grating  pulse  compressors,  which  produces  350  fs  pulses  at  1.06  pm 
wavelength  and  82  MHz  repetition  rate.  In  order  to  excite  the  GaAs  photoconductors,  the  1 .06 
|im  light  is  frequency-doubled  to  532  nm  in  a  potassium  titanyl  phosphate  (KTP)  crystal.  The 
532  nm  light  is  focused  to  a  4  pm  spot  size  on  the  photoconductive  gap,  and  a  DC  bias  is 
applied.  The  CPW  on  the  output  side  of  the  device  is  contacted  by  a  microwave  probe,  and  the 
PC  output  voltage  is  monitored  on  a  sampling  oscilloscope.  These  scope  measurements  yield 
the  amplitude,  fall  time,  and  time  duration  of  constant  voltage  output,  or  “plateau  time,”  of  the 
PC  response. 

Because  the  resolution  of  the  sampling  oscilloscope  is  limited  to  10  ps,  the  rise  time 
and  the  first  10  picoseconds  of  the  PC  response  are  measured  using  an  electro-optic  (EO) 
sampling  [12-14]  technique.  This  method  is  based  on  the  electro-optic  effect.  That  is,  in 
certain  types  of  materials,  including  GaAs,  the  presence  of  an  electric  field  in  the  material  will 
induce  birefringence  in  it.  Thus,  if  an  optical  beam  traverses  this  material,  the  polarization  of 
the  beam  will  be  altered  due  to  the  presence  of  the  field.  An  experimental  EO  sampling  set-up 
is  shown  in  Figure  4.  As  shown,  the  1 .06  pm  light  that  is  not  used  for  frequency  conversion  is 
used  as  the  non-invasive  probe  beam.  The  532  nm  pulse  excites  the  photoconductor,  and,  as 
the  photoconductor  output  voltage  travels  down  the  CPW  line,  it  creates  an  electric  field  in  the 
GaAs  substrate.  The  1.06  pm  probe  pulse  is  transmitted  through  the  backside  of  the  wafer 
reflects  off  the  signal  line  of  the  CPW,  is  passed  through  a  polarizing  beam  splitter  cube  and 
detected,  measuring  the  voltage  on  the  transmission  line  at  a  particular  time.  The  time  delay 
between' the  532  nm  pump  pulse  and  the  1 .06  pm  probe  pulse  is  controlled  by  a  corner-cube 
reflector  on  a  stepper  motor  that  varies  the  optical  path  difference.  This  allows  the  probe  beam 
to  sample  the  device  response  at  a  frequency  measurable  by  a  conventional  oscilloscope.  The 
measurement  bandwidth  of  our  system  exceeds  300  GHz. 
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VI.  EXPERIMENTAL  RESULTS 


Contrary  to  expectation,  the  voltage  output  of  the  ohmic  photoconductors  did  not  shut 
off  in  less  than  1  ps.  In  fact,  the  ohmic  PC’s  were  able  to  sustain  80  mV  output  voltage  (±  2%) 
for  50  ps,  with  a  1/e  fall  time  of  600  ps,  as  shown  in  Figure  5a.  Two-dimensional  device 
simulations  have  been  done  to  elucidate  this  prolonged  response,  and  will  be  described  in  the 
following  section.  The  recessed  ohmic  photoconductors  did  achieve  our  goal  of  delaying  the 
field  collapse.  These  devices  were  able  to  output  constant  voltage  of  0.1 1  V  for  an  average  of 
100  ps,  a  factor  of  2  longer  than  the  ohmic  PC’s,  as  shown  in  Figure  5b.  With  75  pW  incident 
average  optical  power,  a  typical  RO  PC  response  was  0.10  V  constant  voltage  output  over  100 
-  120  ps  with  a  1/e  fall  time  of  500  -  800  ps.  In  both  types  of  devices,  the  output  voltage 
increased  with  both  bias  and  incident  optical  power,  while  plateau  times  decreased.  With  a 
bias  variation,  there  is  a  trade-off  between  the  amplitude  of  the  output  voltage  and  the  plateau 
time.  The  RO  PC  outputs  ranged  from  25  mV  constant  for  500  ps  at  IV  bias  to  200  mV 
constant  for  40  ps  at  8V  bias. 

An  EO  sampling  trace  of  a  recessed-ohmic  photoconductor  is  shown  in  Figure  6a.  In 
this  figure,  the  sampling  calibration  is  that  1  ms  corresponds  to  1 . 1  picoseconds  in  real  time.  It 
can  be  seen  that  the  photoconductor  response  is  flat  over  our  40  ps  measurement  window.  The 
rise  time  is  2  ps,  longer  than  the  expected  rise.  No  dependence  of  the  rise  time  on  optical 
power  was  found,  suggesting  that  the  rise  is  not  simply  caused  by  a  charging  time,  which 
should  decrease  with  an  increase  in  optical  power.  A  possible  explanation  for  this  slow  rise 
may  be  that  carriers  are  excited  into  lower-mobility  satellite  valleys  by  the  high  photon  energy 
of  the  532  nm  light.  Monte  Carlo  calculations  have  shown  that  the  rise  time  of  the  output 
current  increases  when  the  photon  energy  of  the  exciting  light  exceeds  the  bandgap  energy 
between  the  L-valley  minimum  and  the  top  of  the  valence  band,  1.75  eV  (0.7  pm)  in  GaAs 
[15].  At  high  bias,  a  voltage-dependent  dip  was  seen  in  the  EO  time  trace,  primarily  in  1  pm 
devices,  as  shown  in  Figure  6b.  This  dip  was  seen  to  occur  at  earlier  times  when  the  optical 
power  was  increased  or  the  applied  voltage  was  increased.  The  dip  may  be  another 
manifestation  of  hot  carrier  excitation  into  satellite  valleys  of  GaAs,  specifically  the  “velocity 
undershoot”  effect  predicted  by  2D  Monte  Carlo  simulations  [15]  for  GaAs  under  532  nm 
excitation.  According  to  these  simulations,  the  average  velocity  of  electrons  will  actually 
decrease  after  several  picoseconds,  and  then  return  to  its  equilibrium  value  due  to  the  dynamics 
of  carrier  transfer  between  the  valleys.  In  our  structure,  an  additional  possibility  is  the  real 
space  transfer  of  electrons  by  the  light  into  the  AlGaAs.  Additional  Monte  Carlo  modeling  for 
our  conditions  and  device  geometry  is  needed  in  order  to  verify  these  conjectures. 


VII.  SIMULATIONS 

Two-dimensional  device  simulations  have  been  done  to  investigate  why  the 
photocurrent  in  the  ohmic  devices  remained  constant  beyond  the  time  the  electric  field  in  the 
device  was  expected  to  collapse.  Silvaco’s  optoelectronic/heterostructure  program  was  used, 
assuming  field-independent  mobilities  for  electrons  and  holes.  The  potential  as  a  function  of 
time  across  a  vertical  cross-section  of  the  device  may  be  seen  in  Figure  7a.  These  simulations 
show  the  expected  time-dependent  voltage  drop  near  the  anode  as  the  photogenerated  holes 
transit  out  of  this  region.  However,  even  though  the  field  starts  to  collapse  at  500  fs,  the 
contacts  limit  the  current  through  the  device  until  the  gap  resistance  becomes  comparable  to 
the  contact  resistance.  To  illustrate  this,  the  output  current  as  a  function  of  time  for  the  same 
modeled  ohmic  PC  with  two  different  contact  resistances  is  shown  in  Figure  7b.  It  can  be 
seen  that  the  device  with  larger  contact  resistance,  which  is  similar  to  our  devices,  has  a  longer 
plateau  region.  In  addition,  it  is  seen  that  the  voltage  drop  across  the  contacts  reduces  the  field 
in  the  gap  for  a  given  voltage,  decreasing  the  hole  velocity  and  further  delaying  the  field 


V-8 

394 


collapse.  The  simulations  also  show  that,  even  after  the  electric  field  collapses,  current  is  still 
carried  by  diffusion  until  the  carriers  recombine,  giving  a  long  tail  to  the  PC  response.  Thus, 
while  a  time-resolved  measurement  of  the  collapse  of  the  electric  field  within  a 
photoconductive  gap  has  been  made[l  1],  it  cannot  be  assumed  that  the  output  current  of  the 
device  will  decay  on  that  time  scale.  At  present,  the  simulations  predict  plateau  regions  that 
are  much  shorter  than  those  we  have  observed  in  our  ohmic  photoconductors.  We  are  trying  to 
explain  this  discrepancy  by  including  in  the  model  surface  traps,  which  may  trap  holes  and 
prevent  their  rapid  transit  out  of  the  anode  region. 

As  explained,  we  had  previously  tried  to  combat  the  expected  field  collapse  by 
laterally  recessing  the  ohmic  contacts  from  the  etched  gap  region,  leaving  unetched  material 
between  the  gap  and  the  contacts.  Simulations  show  that  the  field  in  this  device  does  not 
collapse  until  the  holes  transit  into  the  etched  gap  region,  delaying  the  field  collapse  as 
expected.  In  addition,  the  heavy  doping  in  the  unetched  region  reduces  the  resistivity 
compared  with  the  etched  gap  region.  This  decreases  the  hole  velocity  and  further  delays  field 
collapse  compared  with  the  ohmic  PC's. 


VIII.  CONCLUSION 

We  have  fabricated  a  1  pm  photoconductive  gap  picosecond  voltage  step  generator  on 
GaAs/AlGaAs  MODFET  material.  In  photoconductors  with  standard  ohmic  contacts, 
prolonged  responses  have  been  seen,  beyond  the  expected  current  decay  due  to  electric  field 
collapse  in  the  gap.  Two-dimensional  device  simulations  have  shown  that,  although  the  field 
in  the  gap  does  collapse  on  the  expected  time  scale,  the  current  is  initially  limited  by  the 
contacts,  and  several  picoseconds  elapse  before  the  current  becomes  sensitive  to  the  internal 
field  in  the  photoconductor.  Presently,  the  numerical  model  does  not  predict  plateau  times  as 
long  as  those  seen  in  our  data.  In  addition,  we  have  specially  designed  a  new  type  of 
photoconductor,  the  recessed-ohmic  photoconductor,  in  which  the  ohmic  contacts  are  laterally 
recessed  from  the  etched  gap  region  to  delay  field  collapse.  These  devices  were  able  to  sustain 
constant  voltage  for  over  100  ps.  We  have  also  seen  an  interesting  dip  in  response  of  these 
devices  that  may  be  experimental  evidence  of  the  velocity  undershoot  effect  predicted  by 
Monte  Carlo  calculations  for  GaAs  devices  excited  with  high  photon  energy  light. 
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Figure  1:  Integrated  photoconductor/MODFET  for  the  investigation  of 
the  step  response  of  MODFETs  on  a  picosecond  time  scale.  S  =  source 
G  =  gate,  D  =  drain. 


Figure  2:  Schematic  of  recessed  ohmic  photoconductor. 


Figure  3:  Photoconductor  process  flow:  ohmic  contacts, 
photoconductor  etch,  and  interconnect  metal. 
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(a)  (b) 


Figure  5:  (a)  Response  of  ohmic  photoconductor,  vertical  scale  is 
20  mV/div,  and  horizontal  scale  is  100  ps/div.  (b)  Response  of 
recessed  ohmic  photoconductor,  vertical  scale  is  50  mV/div, 
horizontal  scale  is  100  ps/div. 


(a)  (b) 


Figure  6:  (a)  EO  sampling  trace  of  recessed  ohmic  photoconductor, 
vertical  scale  is  equivalent  80  mV/div,  horizontal  scale  is  equiv. 
5.5  ps/div.  (b)  EO  sampling  trace  showing  dip,  vertical  scale  is 
equiv.  50  mV/div,  horizontal  scale  is  equiv.  5.5  ps/div. 
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(a)  <b) 

Figure  7:  (a)  Potential  (in  eV)  across  an  ohmic  photoconductor 
as  a  function  of  time.  Horizontal  scale  is  distance  across  the 
device  in  |im.  Between  3  and  4  pm  is  the  etched  gap  region, 
(b)  Output  current  (in  A/pm)  as  a  function  of  transient  time 
(in  ps)  for  the  same  modeled  device  with  small  and  large 
contact  resistance 


V-8 


400 


An  Improved  Gate  Breakdown  Model  for  Studying  High  Efficiency  MESFET  Operation 


T.A.  Winslow,  A.S.  Morris  and  R.J.  Trew 

High  Frequency  Electronics  Laboratory 
Department  of  Electrical  and  Computer  Engineering 
North  Carolina  State  University 
Box  7911 

Raleigh,  NC  27695-7911 


Abstract 

A  gate  breakdown  model  for  MESFETs  is  presented.  The  model  is  based  on  quantum  tunneling  initiated 
avalanche  ionization.  The  breakdown  model  is  incorporated  into  a  physics  based  MESFET  model.  Forward  and 
reverse  gate  conduction  are  shown  to  be  the  main  factors  in  determining  the  power  and  efficiency  of  MESFET 
amplifiers. 

I.  Introduction 


The  fundamental  limitations  of  power  MESFET  amplifiers  are  the  gate  contact  breakdown  and  forward 
conduction  mechanismsfl].  Forward  gate  conduction  limits  the  peak  gate  voltage  and  drain  current  swing.  Gate- 
drain  breakdown  causes  an  increase  in  rectified  gate  and  drain  current  which  shifts  the  device  quiescent  bias  point 
and  initiates  premature  power  saturation.  Both  mechanisms  limit  the  maximum  power  and  efficiency  an  amplifier 
can  achieve.  High  efficiency  and  power  performance  of  FET  amplifiers  is  important  for  satellite  and  cellular 
communication  systems,  phased  array  radars,  or  any  application  where  prime  power  and  thermal  considerations 
are  important. 

Breakdown  models  are  typically  based  on  the  avalanche  ionization  mechanism,  but  recently  the  tunneling  aspect 
of  breakdown  has  gained  attention [2] [3].  Breakdown  models  based  on  the  avalanche  ionization  mechanism  alone 
cannot  predict  the  decrease  in  breakdown  voltage  with  increasing  gate  voltage  from  pinch-off[4][5]  except  under 
certain  conditions[6][7],  or  the  decrease  in  breakdown  voltage  with  increasing  temperature  which  has  been 
experimentally  correlated  with  device  bum-out[21].  The  avalanche  model  cannot  predict  the  characteristic  'twist' 
in  the  gate  current  seen  in  MESFETs[4][5],  The  temperature  dependence  of  the  breakdown  voltage  indicates  that 
there  is  an  important  tunneling  component  to  the  breakdown  mechanism.  Although  the  gate  breakdown  process  is 
affected  by  device  geometry,  material  parameters  and  processing  steps,  the  breakdown  mechanism  results  from  a 
combination  of  tunneling  and  avalanche  generation.  The  strong  electric  field  at  the  drain  side  of  the  gate  initiates 
avalanche  and  field-assisted  tunneling  which  dominate  the  device  characteristics  at  high  drain  terminal  voltages 
under  pinch-off  conditions.  Previous  studies  of  Schottky  diodes  demonstrate  that  field  emission[8],  thermionic- 
field  emission[9],  and  thermionic  emission[10]  processes  can  dominate  the  diode  current  depending  on  the 
temperature,  doping,  and  bias  (and  tunneling  effective  mass).  The  surface  of  the  MESFET  is  an  important  part  of 
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the  breakdown  process  due  to  the  strong  disorder  in  the  bonding  arrangements  and  loss  of  stochiometry  at  the 
semiconductor/passivant  interface.  The  disorder  at  the  device  surface  induces  interface  traps  and  distorts  the 
surface  band  structure,  thereby  affecting  the  breakdown  process.  In  this  paper,  a  breakdown  model  for  MESFETs, 
combining  the  tunneling  and  avalanche  processes  and  surface  trapping  effects,  is  presented.  This  work  provides 
the  first  breakdown  model  for  MESFETs  that  combines  the  tunneling  and  avalanche  processes  and  incorporates 
thermal  effects  in  the  breakdown  mechanism.  The  model  described  in  this  work  can  successfully  explain  the 
breakdown  effects  on  large-signal  MESFET  operation. 

II.  Breakdown  Model 

Proper  characterization  of  electron  emission  from  the  gate  is  critical  for  a  breakdown  model.  In  this  work,  the 
electron  transmission  probability  is  determined  exactly  for  a  Schottky  barrier  without  using  the  Wentzel-Kramers- 
Brillouin  (WKB)  approximation.  A  new  formulation  for  the  transmission  probability  is  found  because  the 
majority  of  the  electron  flux  crossing  a  Schottky  barrier  occurs  near  the  peak  of  the  barrier  where  neither 
thermionic  nor  thermionic-field  emission  is  entirely  dominant.  The  WKB  approximation  is  inadequate  for 
studying  typical  MESFET  Schottky  barrier  operation.  The  breakdown  model  presented  in  this  section  generalizes 
the  gate  electron  emission  formulation  and  represents  a  distinct  departure  from  purely  avalanche  based  breakdown 

models[  15]. 

To  describe  the  tunneling  component  of  the  breakdown  mechanism,  the  tunneling  probability  for  a  Schottky 

barrier  is  determined.  Accurate  quantum 
characterization  of  the  barrier  region  requires  the 
exact  solution  of  the  Schrodinger  equation.  In  this 
model,  the  gate  Schottky  barrier  is  approximated  by  a 
three  region  linear  potential  energy  barrier,  shown  in 
Figure  1  (image  force  effects  are  neglected).  Region  I 
is  the  gate  metal  region.  Region  II  is  a  region  of 
linear  energy  variation  of  width  W  and  Region  III  is  a 
constant  potential  region  (Regions  II  and  III  are  within 
the  semiconductor).  Region  III  is  at  a  potential  Va 
relative  to  the  metal  Fermi  level  (Ef).  The  linear 

barrier  approximation  is  used  since,  as  seen  in  Figure 
1,  there  is  only  a  small  difference  between  the 
typically  used  quadratic  potential  solution [8] [9]  [10] 
and  the  linear  solution  (near  the  transition  between 
Region  II  and  Region  III)  at  energy  levels  relative  to  the  metal  Fermi  energy  such  that  significant  tunneling  does 
not  take  place.  The  Schrodinger  equation  is  solved  in  one  dimension  using  the  linear  potential  model  V(x)  =  <j> 


Figure  1:  Linear  and  Quadratic  Approximation  to  the 
Schottky  Potential  Barrier 


402 


VI-1 


b(Eg)  -  qEgX  where  Eg  is  the  barrier  electric  field  strength  and  <t>b(Eg)  is  the  Schottky  barrier  height.  To  detennine 
the  transmission  probability,  the  wave  function  solutions  and  derivatives  at  the  region  boundaries  are  equated  and 
the  integration  constants  are  determined.  The  trial  solutions  in  region  I  and  III  are  plane  wave  solutions  to  the 
Schrodinger  equation.  The  solution  of  the  Schrodinger  equation  in  Region  II  is 


CAi 


2 Ejntq\  Z-§{Eg)  +  qEgx^ 


+  D  •  Bi 


(  2  Emtq  '\i£-ty(Et)  +  qEg 


qEs 


(1) 


where  Ai  is  the  Airy  function  A  and  Bi  is  the  Airy  function  B  (C  and  D  are  integration  constants).  The  condition  of 
the  MESFET  surface  affects  the  energy  band  characteristics  and  increases  the  tunneling  effective  mass  of 
electrons  during  the  tunneling  process  which  affects  the  breakdown  voltage.  The  wave  vectors  in  Region  I  and  III 
are  defined  as 


yl2m„£ 

7 "  h  (2) 


and 
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where  Va  is  the  applied  potential  across  the  Schottky  barrier  and  S  is  the  tunneling  energy.  The  metal  and 
tunneling  effective  masses  are  mm  and  mt,  respectively,  and  are  assumed  constant.  The  wave  vector  in  Region  II 
is  spatially  dependent  and  is  incorporated  into  the  T'jj(x)  wave  function  solution  in  Eqn.  1.  The  transmission 
probability  of  the  linear  approximation  to  the  Schottky  barrier  is  based  on  the  ratio  of  transmitted  waves  to 

k, 

incident  waves  and  is  thus  7'(S)  =  Ta  where  T0  is  defined  by 
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dAi(r\w)  ,  dBi(  r\w)  „  , 

Aw  =  -a - ,  and  Bw  = -a - .  The  transmission  probability  T(£)  is  exact  for  the  linear 

dx  dx 

potential  barrier  and  is  valid  over  all  positive  tunneling  energies. 


The  quantum  transmission  probability  T(£)  represents  the  fraction  of  incident  carriers  at  an  energy  level  that 
penetrate  the  Schottky  barrier.  The  source  of  electrons  incident  on  the  metal  and  semiconductor  side  of  the  barrier 
are  assumed  to  be  in  thermal  equilibrium  and  maintain  a  Fermi-Dirac  distribution  in  energy.  The  approximation 
for  the  metal  flux  source  is  quite  good.  This  model  assumes  that  electrons  penetrating  the  Schottky  barrier  from 
the  semiconductor  come  from  a  Fermi-Dirac  distribution  of  electrons  at  a  given  scattering  distance  Ls  from  the 
metal/semiconductor  interface.  Electrons  that  transport  across  the  barrier  are  not  in  equilibrium  with  the  lattice 
until  sufficient  scattering  events  occur  to  randomize  the  electron  momentum  and  equilibrate  its  energy.  The 
length  Ls  is  the  average  distance  traversed  by  an  electron  scattered  from  its  equilibrium  Fermi-Dirac  distribution 
in  the  semiconductor  across  the  barrier  into  the  metal.  The  semiconductor  flux  source  is  similar  to  the  metal  flux 
source  except  for  the  relative  position  of  the  Fermi  level  and  the  density  of  states  in  the  semiconductor.  The 
incident  flux  of  electrons  from  the  metal  on  the  Schottky  barrier  is  found  by  integrating  the  velocity  distribution  of 
the  source  electrons.  Following  [  1 1 J,  the  total  flux  is  defined  as 


N  = 


1 

4tc3 


J  J  J  vf„dkxdkydkz 


(5) 


where  fn  is  the  occupation  probability  of  a  state  at  energy  6.  Converting  to  an  integration  over  momentum  using 
p  =  flk  to  find  the  incident  flux  (x  direction  momentum)  with  momentum  in  the  range  px  to  px+dpx,  and 


transforming  to  polar  coordinates  yields  the  total  number  of  incident  electrons  on  the  Schottky  barrier  per  unit 


time  NnXSx)  =  Cm  In 


+  exp 


kT 


where  C.„ 


mJT 

2 n2ti3 ' 


To  obtain  the  total  current  density  (dropping  the  x  direction  dependence)  transporting  across  the  barrier  from  the 
gate  metal,  the  incident  penetrating  flux  is  integrated  over  the  energy  distribution  to  yield 


Jnu  =  j  Nfm  (E)T(S)d£ .  The  incident  flux  of  electrons  from  the  semiconductor  is  similar  to  the  metal  flux  source 

o 

except  the  Fermi  level  is  at  a  potential  Va  relative  to  the  metal  Fermi  level  and  the  density  of  states  is  zero  below 
the  conduction  band.  This  model  neglects  tunneling  effects  from  the  valence  band.  The  incident  source  flux 
from  the  semiconductor  is 
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£x~Sf  +  Va 
kT 


i\ 


m,kT 


where  Cs  =  u(S  -([>,,( E)  +  qELs) — lj-j  and  u(S)  is  a 
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step 


function.  The  current  density  from  the  semiconductor  to  the  metal  is  thus  J sm  —  qj  Nxm(S)T(E)dS.  The  total 

o 

net  gate  current  density  Jt  =  Jms  —  J sm  is  the  difference  between  the  (reverse  Jms)  metal  to  semiconductor  and 
the  (forward  Jsm)  semiconductor  to  metal  current  density.  The  avalanche  ionization  model  used  in  the  next 
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section  is  based  on  the  formula  by  Okuto  and  Crowell[12].  It  is  field  and  temperature  dependent  and  fits  the 
theoretical  results  of  Baraff[13]  and  measurements. 

III.  MESFET  Model 


The  gate  tunneling  model  is  applied  to  a  state-of-the-art  quasi-two  dimensional,  physics  based  MESFET 
model[14]  which  solves  the  Poisson  and  drift-diffusion  equations  (in  the  gate  region  of  the  device)  using  a 


minimum  number  of 
approximations.  For 

simplicity,  it  is  assumed  that 
MESFET  breakdown  occurs  at 
the  gate  edge  and  within  the 
gate  depletion  region  where  the 


_ — - - -  highest  electric  fields  exist. 

Figure  2:  Cross  section  of  a  typical  MESFET  showing  depletion  extension  Breakdown  in  ^  substrate  of  a 
region  approximation,  the  depletion  depth  dj,  the  depletion  extension  length  ds, 

and  surface  charge  Nss(x).  properly  designed  device 


should  be  minimal. 


Avalanche  generation  (and  holes)  that  occurs  at  the  drain  edge  is  also  neglected  in  this  work.  Breakdown  in  the 
gate  region  of  typical  MESFETs  is  the  focus  of  this  work  and  is  assumed  to  be  the  dominant  breakdown 
mechanism  in  MESFETs.  The  combined  MESFET  and  gate  breakdown  model  are  coupled  to  a  general  purpose 
matching  circuit  by  the  harmonic  balance  technique[16].  The  new  model  predicts  the  DC  and  RF  performance  of 
typical  MESFETs.  The  model  calculates  the  average  channel  temperature  based  on  DC  power  dissipation  and  the 
device  thermal  resistance.  Simulated  DC-IV  characteristics  allow  varying  channel  temperature  with  drain  current 
and  bias  voltage.  RF  (and  RF-IV  for  viewing  dynamic  load  lines)  simulations  determine  the  channel  temperature 
based  on  the  drain  bias  and  average  DC  drain  current  which  can  increase  with  strong  RF  power  drive.  The  model 
assumes  that  surface  traps  maintain  a  constant  occupation  level  under  RF  operation  and  does  not  predict 
dispersion  effects.  The  surface  trap  occupation  does  not  vary  during  RF  simulation  and  is  dependent  upon  the 
MESFET  DC  bias  and  operating  temperature[17].  The  effects  of  surface  Fermi  level  pinning  in  the  region  beyond 
the  gate  surface  depletion  region  are  neglected  for  two  reasons:  (l)some  of  the  trapped  surface  charge  locally 
couples  to  the  donor  ions  in  the  surface  deplation  region  and  will  not  directly  effect  the  drain  to  gate  potential 
(and  thus  the  breakdown  voltage)  and  (2)  a  properly  passivated  MESFET  will  have  a  channel  resistance 
dominated  by  the  gate  depletion  region  and  not  the  interelectrode  resistance  caused  by  the  surface  depletion.  The 
trapped  surface  charge  within  the  gate  depletion  region  is  assumed  to  affect  the  strength  of  the  electric  field  (slope 
of  the  barrier)  in  the  barrier  region  but  not  the  triangular  shape  of  the  barrier. 


To  incorporate  the  tunnel  breakdown  model,  the  region  between  the  gate  and  drain  is  included  to  determine  the 
effect  of  the  depletion  extension  and  surface  charge  on  the  electric  field  strength  at  the  gate  edge.  To  include  this 
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region  in  the  MESFET  model,  the  extended  depletion  region  shown  in  Figure  2  is  approximated  by  a  rectangular 
area.  The  depletion  depth  dj  and  the  depletion  extension  width  ds  determine  the  size  of  the  region  and  are  drain 
and  gate  bias  dependent.  The  depletion  depth  dj  and  the  depletion  extension  widdi  ds  are  affected  by  the  surface 
trapped  charge  and  are  determined  in  [17].  The  occupied  surface  charge  density  Nss(x)  varies  along  the  surface 
due  to  the  injection  and  subsequent  capture  of  tunneling  electrons  by  surface  trapping  states[18].  Gauss’  law  is 
used  to  determine  the  electric  field  that  terminates  on  the  fraction  fg  of  the  gate  length  Lg  due  to  the  net  charge 
in  the  extended  depletion  region  and  the  trapped  surface  charge.  Applying  Gauss'  law  to  this  region,  and 
assuming  the  electric  field  is  distributed  uniformly  at  the  gate  edge  where  the  majority  of  the  tunneling  occurs, 
yields 

wsd,  ds  wsStig 

qjjjND(y)-Nss(x)8{y)dxdydz  =  £j  J E/lydz  (6) 

0  0  0  0  0 

where  Wg  is  the  total  gate  width.  The  solution  of  Gauss'  law  assumes  that  most  of  the  electric  field  diverging  from 
the  enclosed  square  Gaussian  surface  in  Figure  2  terminates  on  the  edge  of  the  gate  and  is  proportional  to  the 
density  of  surface  and  gate  depletion  charge.  The  strong  two-dimensional  nature  of  the  fields  is  contained  within 

the  integral  solution.  Simplifying  the  solution  based  on  the  previous  approximations,  the  electric  field  at  the  gate 

V  A  d,  1  d  d 

edge  Eg  is Eg  =  — - —  ds  J  ND(y)dy  -  J Nss (x)dx  .  The  integrals  JJM.vVt  and  j  Nss(x)dx  are 

[_  o  o  J 


Source 


Figure  3:  The  large-signal  representation  of  the 
MESFET  including  the  forward  Itf  reverse  1^ 
tunneling  sources  and  the  avalanche  generation 
source  Ia.  The  drain  conduction  current  Icon,  gate 
charging  time  xtt,  and  the  capacitance  matrix  [C]  are 
included. 


easily  computed  from  the  MESFET  model 
formulation [14] [17].  The  electric  field  strength  at  the 
gate  edge  affects  the  tunneling  probability  of  the  barrier. 

The  total  tunneling  current  flowing  from  the  gate  edge  is 
I,  =  fG  Lg  WgJ,(Eg)  =  Itf  -  4 .  T unneling  electrons 

are  injected  into  the  gate  depletion  region  and  can  initiate 
avalanche  ionization.  The  density  of  the  tunnel  injected 

J,(Et  j 

charge  n,  = - —  is  determined  from  the  tunnel 

current  density  Jt(Eg)  and  the  velocity  of  the  carriers  vs. 
The  avalanche  generated  current  density  due  to  charge 
tunneling  into  the  strong  field  of  the  depletion  extension 
region  between  the  gate  and  drain  is  found  from  the 
quasi-static  drift-diffusion  equation  where  the  avalanche 
ionization  coefficient[12]  ajj(Eg)  is  dependent  on  die 


field  at  the  gate  edge.  The  intrinsic  carrier  concentration 


n j,  and  bulk  lifetime  t  are  included.  For  simplicity,  the  avalanche  field  and  the  tunnel  injected  charge  density  are 
assumed  to  be  nearly  uniform  in  the  linear  barrier  region.  The  avalanche  generated  current  density  is 
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approximated  by  Ia  —  C]dr — - ! — t/(n;  +  nt ) vxdf(X,t  ( ) .  The  coupled  tunnel  and  avalanche  breakdown 

T 

mechanisms  are  represented  as  current  sources  on  the  new  equivalent,  large  signal  MESFET  model  [17]  in  Figure 
3.  The  forward  (Itf)  and  reverse  (Itr)  components  of  the  tunnel  current  density  and  the  avalanche  generated  (Ia) 
currents  are  indicated  as  current  sources  between  the  gate,  drain  and  source. 

IV.  Results 


High  efficiency  MESFET  operation  results  from  the  ability  to  optimally  shape  the  drain  current  and  voltage 
waveforms.  This  is  typically  accomplished  by  harmonic  tuning.  Proper  tuning  of  the  MESFET  adjusts  the 
dynamic  load  line  within  the  IV  plane  to  allow  a  maximum  drain  current  and  voltage.  Reverse  and  forward  gate 
conduction  place  limits  on  the  allowed  loadline  operating  area  within  the  IV  plane.  To  examine  the  effects  of 
breakdown  and  forward  gate  conduction,  two  experimental  power  MESFETs,  fabricated  with  the  same 
specifications  but  taken  from  different  wafers,  are  simulated.  Both  devices  (utilizing  buried  channel  profile  with 
recessed  gate)  were  tuned  for  maximum  efficiency  under  Class  AB  conditions  (Vd  =  9V)  at  9.5GHz.  The  RF 
performance  of  the  MESFETs  was  simulated  using  the  MESFET  model  with  the  new  tunnel  avalanche 
breakdown  mechanism.  The  model  parameters  were  extracted  from  the  measured  data  provided  by  the  foundry. 
Table  4.1  in  [17]  presents  a  comparison  and  discussion  of  the  measured  and  simulated  date.  Data  supplied 
consisted  of  doping  profiles,  DC-IV  characteristics,  and  RF  power  performance[17].  The  parameter  extraction 
routine  is  based  on  a  new  quasi-newton  minimization  algorithm [19]  that  adjusts  the  physical  model  parameters, 
within  constrained  and  physically  reasonable  bounds,  to  minimize  the  difference  between  measured  and  simulated 
DC  and  RF  data.  Some  of  the  main  adjustable  parameters  include  device  parasitics,  doping  profile,  surface  charge 
density,  tunneling  effective  mass,  matching  circuit  impedances,  channel  mobility  and  saturation  velocity.  The 
high  efficiency  performance  of  experimental  Device  A,  shown  in  Figure  5,  is  greater  than  the  performance  of 
experimental  Device  B,  shown  in  Figure  4.  The  average  DC  gate  currents  for  device  A  and  B  are  compared  in 
Figure  7  and  Figure  6,  respectively.  The  negative  gate  current  indicates[15]  that  there  is  substantially  more 
breakdown  occurring  in  Device  B  than  in  Device  A.  Decreased  breakdown  voltage  in  Device  B  reduces  the 
maximum  efficiency  the  amplifier  can  attain  by  causing  premature  saturation.  Measurd  and  simulated  DC  gate 
breakdown  characteristics  are  compared  in  Figure  8  and  9.  Device  A  has  a  higher  DC  gate  breakdown  voltage  in 
Figure  9  as  compared  to  Device  B  as  seen  in  Figure  8.  The  Device  A  DC  breakdown  voltage  is  lower  than  Device 
A,  but  also  the  RF-IV  (which  are  under  constant  temperature)  breakdown  voltage  is  also  lower  as  can  be  seen 
form  the  dynamic  load  lines  at  the  peak  operating  efficiency  power  level.  The  simulated  dynamic  RF-IV  and  load 
line  for  Device  A  at  the  input  power  level  (at  peak  efficiency)  of  21  dBm  is  shown  in  Figure  10.  The  device 
operation  is  dominated  by  the  balance  between  the  forward  gate  conduction  mechanism  and  reverse  breakdown  as 
can  be  seen  from  the  position  of  the  load  line.  Device  B  dynamic  RF-IV  and  loadline  is  shown  in  Figure  1 1  at 
21  dBm  input  power  (at  peak  efficiency).  Device  B  RF  performance  is  dominated  by  reverse  gate  breakdown  as 
demonstrated  by  the  position  of  the  load  line.  The  load  line  extends  significantly  into  the  breakdown  region.  The 
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Figure  4:  The  RF  output  power  P0,  power  added 
efficiency  PAE,  and  gain  measured  and  simulated 
results  of  experimental  MESFET  B. 


Figure  5:  The  RF  output  power  P0,  power  added 
efficiency  PAE,  and  gain  measured  and 
simulated  results  of  experimental  MESFET  A. 


Device  B  load  line  encounters  the  breakdown  region  at 
lower  input  power  levels  than  in  Device  A,  which  identifies  the  main  difference  between  the  two  devices.  The 
excellent  match  between  measured  and  simulated  data  presented  demonstrates  the  effectiveness  of  the  new 
breakdown  model. 

V.  Conclusion 


A  new  gate  breakdown  model  for  studying  high  efficiency  MESFET  operation  is  presented.  The  breakdown 
model  is  based  on  tunnel  initiated  avalanche  ionization  in  the  high  field  region  of  (he  gate  depletion  region.  This 
is  the  first  breakdown  model  that  couples  the  avalanche  and  tunneling  mechanisms  with  temperature  effects  which 
can  be  used  to  perform  RF  and  DC  simulations.  The  effects  of  distorted  surface  band  structure  on  the  tunneling 
effective  mass  and  breakdown  voltage  are  seen  for  the  first  time.  The  coupled  breakdown  and  MESFET  models 
are  used  to  explain  the  complex  behavior  of  large-signal  MESFET  operation.  Good  agreement  was  obtained  from 


the  simulated  and  measured  results. 


Figure  6:  The  RF  average  gate  current  measured 
and  simulated  results  of  experimental  MESFET  B. 


Figure  7:  The  RF  average  gate  current  measured 
and  simulated  results  of  experimental  MESFET  A. 
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Figure  8:  Measured  and  simulated  DC  gate  current 
for  Device  B  showing  breakdown  characteristics 
under  pinch-off  conditions. 


Figure  10:  The  dynamic  RF-IV  and  load  line 
for  Device  B  at  the  input  power  of  21  dBm 
(maximum  efficiency  of  36%). 
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Figure  9:  Measured  and  simulated  DC  gate  current  for 
Device  B  showing  breakdown  characteristics  under 
pinch-off  conditions. 


Figure  1 1 :  The  dynamic  RF-IV  and  load  line  for 
Device  A  at  the  input  power  of  21dBm 
(maximum  efficiency  of  56%) 
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Abstract 

Modelling  the  high  field  drift  region  of  HFET’s  as  a  drift  capacitance  between  gate 
and  drain  in  series  with  the  gate  capacitance  allows  to  estimate  the  extension  o 
the  drift  region,  which  determines  feed  back  and  output  conductance,  us 
relating  the  microwave  power  gain  to  the  device  structure.  The  technique  is 
applied  to  various  GaAs  and  InP  based  FET  structures. 

I _ Introduction 


To  read,  the  RF- performance  limits  of  high  speed  devices,  the  electrical  equivalent 
iLd.  model  parameters  need  to  be  directly  correlated  with  the  phystcal  design 
parameters  as  the  geometrical  layout,  the  heterostructure  configuration  and  the 
cha™e  carrier  transport  properties.  High  switching  speeds  have  been  achteved  by 
optimizing  the  H21  cut-off  frequency.  Because  of  the  short  circuited  output 
condition  however,  the  feedback  behavior  and  output  conductance,  which  a.e 
related  to  the  gate-drain  high  field  drift  region,  enter  only  marginally. 

However  the  gate  to  drain  high  field  region  conditions  dominate  power  gain 

brerkdown  and  overall  signal  delay.  The  benefit  of  the  high  field  drift  regton  an 
domain  formation  has  been  recognized  since  long,  and  its  impact  on  power  g 
and  breakdown  has  been  extensively  analysed  analytically  and  numerically  in 
past  1121  Due  to  the  2D-nature  of  this  region,  the  models  used  are  generally 
limited '  to  rather  specific  device  structures  especially  in  respect  to  the  recess 
configuration.  In  Addition,  the  domain  formation  depends  on  the  electron 
dynamics  in  ihe  specific  heterostructure.  Thus,  an  effective  drift  region  length  as 
figure  of  comparison  might  be  very  helpful  for  the  comparison  of  various ^  design 
concepts.  The  analytical  treatment  of  the  drift  region  as  space  <-Mrge  * 

to  the  lateral  spreading  model  [3|.  The  treatment  as  stationary  high  field  domain 

leads  to  a  domain  capacitance  of  the  extension  of  the  lateral  domain  space  charge 
14]  Thus,  it  is  suggested  to  model  the  drift  region  by  its  space  charge  capacitance. 

H  Feed-Back  Circuit  Model 

In  the  following  an  effective  drift  region  length  is  defined  from  S-parameter 
measurements  and  standard  small  signal  parameter  extraction  related  to  the 
equivalent  circuit.  For  our  purpose,  the  feed  back  capacitance  Cgd  is  split  into  a 
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series  connection  of  two  capacitors,  the  input  capacitor  and  a  drift  capacitor,  which 
is  now  related  to  the  drift  region  between  gate  and  drain: 

1/Cgd  =  1/Cgs  +  1/Cd  eq.l 

Evidence  for  this  series  circuit  model  comes  from  the  linear  feed-back  correlation: 


Cgs/Cgd  -  1  +  P  gm/Gds  eq.2 

which  has  been  experimentally  verified  for  a  variety  of  HFETs  over  a  wide  range 
of  bias  conditions  [5,6].  The  confinement  factor  is  found  to  be  p=0.3  for  optimum 
cases.  Dividing  eq.2  by  CgS  yields  the  feed-back  series  circuit  of  eq.l  with: 

Cd  =  GdsCgs/P  gm  eq.3 

a  capacitance  associated  with  the  extension  of  the  drift  region.  Thus,  here  the  drift 
capacitance  is  directly  linked  to  the  output  conductance.  The  physical 
interpretation  is  shown  in  fig.  1. 


Active  area  device  cross  section  with  physical  interpretation  of  drift  capacitance 


The  devices  considered  are  short  gate  length  FET's  with  a  high  aspect  ratio  to 
suppress  3D-effects.  For  such  QW-channel  structures  Cgs  may  be  approximated  as 
parallel  plate  capacitor  with  teff  as  the  gate  to  channel  separation.  Assuming  that 
the  lateral  channel  field  concentrates  between  the  bottom  of  the  channel  and  the 
surface,  Cd  can  also  be  considered  a  lateral  parallel  plate  capacitor.  Evidence  for 
this  is  found  from  modelling  the  higher  valley  hot  electron  distribution  in  HEMT’s 
[7].  Then  the  two  capacitors  may  be  approximated  as  follows: 
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Here,  Vdrift  represents  the  internal  voltage  across  the  drift  region,  and  LDeff 
marks  the  lateral  extension  of  the  drift  capacitor  towards  the  drain  in  the  parallel 
plate  capacitor  model.  This  allows  to  extract  a  drift  region  length,  expressed  in 
terms  of  the  input  and  feed  back  capacitance,  knowing  only  the  geometrical  layout 
of  the  device  and  the  average  refractive  index  of  the  heterostructure. 
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In  cases,  where  eq.2  applies,  LDeff  can  also  be  related  to  the  outPut  conductance 
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Eq7  leads  to  a  direct  proportionality  between  the  extension  of  the  drift  region  and 
the  output  resistance  (at  constant  gm  and  Cgs  in  this  first  order  mode).  Thus, 
L Dcfr  can  indeed  serve  as  figure  of  merit  for  the  intrinsic  power  gain  performance. 

Two  critical  assumptions  need  to  be  made  for  this  model: 

(1)  The  gradual  channel  region  is  considered  an  intermediate  node  due  to 
the  small  internal  voltage  drop  in  the  gradual  channel  region,  and 

(2)  The  vertical  line  (A')-(A")  has  to  represent  an  equi-potential  line  tor  Cd, 
but  at  the  same  time  needs  to  consume  the  Vg-potential  drop.  This  approximation 
will  hold,  if  the  influence  of  the  gate-source  voltage  on  the  drift  region  is  small  in 
comparison  to  the  gate-drain  bias,  thus  if  the  gate  field  acts  only  as  fringing  field 

on  Cd- 


111  PM -da As  HFET  Analysis 


1 1 1 A  Drift  Region  Characteristics 

The  development  of  the  drift  region  can  be  monitored  for  the  entire  field  of 
operation  analogue  to  the  FET  output  characteristics.  This  is  illustrated  in  fig .2  for 
a  high  current  recessed  gate  GaAs  doped  channel  pseudomorphic  HFET  with  highly 
doped  cap  layer  and  0,25pm  gate  length  [9).  One  can  see,  that  in  this  model  the 
drift  region  starts  to  develop  already  in  the  linear  regime,  because  already  here 
Cgs  becomes  non-symmetrical  in  respect  to  source  and  drain.  In  saturation,  the 
drift  region  reflects  two  different  conditions: 

At  low  current  levels  the  drift  region  acts  as  a  lateral  space  charge  layer;  the  space 
charge  being  the  donor  sheet  charge  in  the  channel  and  active  part  of  the  supply 
layer.  Opening  the  channel  and  allowing  current  to  flow  at  saturated  velocity,  the 
donor  charge  will  in  part  be  compensated  by  the  electronic  charge  and  Lpcff  will 
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increase  with  Id-  On  the  other  hand,  the  device  will  be  deeper  in  saturation  at  low 
current  level,  increasing  Locff-  At  small  drain  bias  the  latter  effect  will  be 
pronounced  and  Locff  decreases  with  Id,  at  high  drain  current  the  trend  should  be 
reversed  and  LDcff  should  increase  with  Id.  At  high  current  levels,  the  drift  region 
reflects  a  stationary  domain  with  a  laterally  varying  domain  charge. 


EliOl 

Drift  region 
extension  Locff 
as  function  of 
output  current 
and  applied 
drain  bias  for 
0.25  pm  gate 
length  device. 
Gate  bias 
parameters  as 
in  fig. 3. 


These  trends  seem  to  be  observed,  however,  care  has  to  be  taken  with  this 
interpretation,  because  only  part  of  the  extrinsic  voltages  act  on  the  drift  region. 
Therefore,  the  intrinsic  voltages  are  determined  at  each  bias  point  (using  RF,  cold- 
FET  and  DC  evaluation)  and  an  intrinsic  drift  region  characteristics  is  plotted  in 
fig-3- 


Fig.3: 

Development 
of  Locff  as 
function  of 
drain  current 
with  intrinsic 
bias  conditions 
as  parameter. 
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Changes  are  pronounced  at  high  currents,  where  LDcff  is  limited  due  to  the 
influence  of  the  parasitic  series  resistances.  This  leads  to  a  decrease  in  LocTf  and 
increase  in  domain  capacitance  (besides  a  reduction  in  gm).  The  following  simple 
model  was  used  to  estimate  the  drift  region  voltage: 


Vdrift  =  Vd  -  (Rs+Rd)Id  -  EcLg  +  a(Vg  -  RsId) 


The  linear  regime  is  (largely)  taken  care  of  by  substracting  EcLg  (Ec=4kV/cm); 
and  a(Vg  -  RsId)  is  the  fraction  of  Vg  acting  laterally  on  the  drift  region. 
Therefore,  a  may  be  interpreted  as  a  fringe  field  factor.  The  effective  drift  region 


length  is  determined  by  eq.6. 

a  is  the  only  fitting  parameter  in  this  model  taking  care  of  the  2D-field 
distribution.  It  is  determined  in  the  following  way:  The  lateral  spreading  model  1 3) 
predicts  a  Vdrift  ~  Ns  LDeff2-relationship.  A  large  <x  however  tends  to  linearize 
this  behavior.  Plotting  the  data  in  a  double  logarithmic  scale,  a  is  varied  to  fit  a 
linear  slope  with  s=2  near  pinch-off  (where  the  electronic  domain  charge  is  still 
neglectible)  and  in  the  region,  where  the  space  charge  layer  is  fully  developed 
(LDcff  >10nm).  This  is  however  only  possible  with  a  small  a<().l.  (see  fig.4). 


Locff  vs.  Vdrift  (a  =0.1  in  eq.8)  in  double  logarithmic  presentation.  The  curve  for 
Vg=-0.8V  is  in  pinch-off  with  noticeable  leakage  current  for  Vdrift  ^iv- 


At  high  currents  LDcff  stretches  out  further  (at  the  same  Vdrift)  consistent  with 
the  influence  of  the  electronic  domain  charge.  The  slope  decreases  slightly, 
possibly  due  to  the  lateral  domain  charge  distribution  (indicating  a  higher  density 
near  the  gate).  The  extension  is  limited  at  20  to  30nm,  where  breakdown  occurs. 
It  seems  that  the  drift  region  touches  the  gate  recess  edge  at  this  point.  Examining 
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the  structure  by  SEM  shows  a  gate  to  recess  edge  separation  of  approx.  40nm. 
Taking  into  account  a  gate  fringe  capacitance  and  current  crowding  at  the  edge, 
the  first  order  model  data  seem  to  be  in  reasonable  agreement  with  the  structural 

parameter. 

TTTR  Effective  Channel  Velocity 

Four  main  parameters  determine  the  average  electron  channel  transit  velocity. 

(a)  the  intrinsic  overshoot  and  high  field  velocity  regions, 

(b)  the  charge  control  and  modulation  efficiency, 

(c)  the  delay  and  capacitive  loading  of  the  drift  region,  and 

(d)  the  parasitic  elements,  which  have  been  taken  care  of  by  the  equivalent 
circuit  model.  Of  specific  interest  here  is  the  influence  of  the  drift  region  on  vcrf. 
Therefore,  the  differential  bp-approach  after  [8]  has  been  used  to  monitor  vcff 

with  Locff  (see  fig-5)- 

In  the  linear  regime  vcff  increases,  Cgs  becomes  non-symmetric  in  respect  to 
source  and  drain  and  an  effective  drift  region  starts  to  develop.  From  fig.2  is  seen 
that  the  simple  model  leads  here  to  a  sudden  development  of  LDcrr  with  Vp. 
Reaching  saturation  vcff  peaks  and  decreases  only  moderately.  This  means  that 
the  overshoot  regime  dominates  the  performance  up  to  breakdown  in  this  narrow 
gate  recessed  device.  The  charge  control  determines  the  value  of  vcff  by  gm. 


Fig.5: 

Variation  of  the 
effective  channel 
electron  transit 
velocity  with  drift 
region  length  and 
gate  bias  as 
parameter. 
Symbols  as  in 

fig-4. 
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Near  pinch-off  vcff  decreases  rapidly.  However,  at  high  drain  bias  the  channel 
becomes  conductive  again,  which  is  also  seen  in  the  RF  behavior  until  breakdown 

is  reached. 
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IIIC  Output  Conductance 


Eos  1  2  and  7  link  the  output  conductance  to  the  feed  back  capacitance  and  drift 

region  length.  From  these  equations  a  linear  relationship  is  expected  and  indeed 

seen  between  l/G^s  ar>d  I-Dcff  (see  ^8- 


Fig.6: 

Correlation  of 
output  resistance 
1/Gds  with  the 
drift  region  length 
for  various  gate 
bias  conditions. 
Symbols  used  as 
in  fig-4. 


Near  pinch-off  the  output  conductance 
channel  current  starts  to  flow  at  high 
general  curve. 


is  essentially  suppressed.  However,  once 
drain  bias  1/Gds  reduces  rapidly  onto  the 


IV  Comparison  with  InP  based  HEMT  Devices 

InP  based  devices  have  shown  considerably  higher  fmax/fT-ratios  at  high  fT  than 
GaAs  based  devices.  This  fact  has  widely  been  associated  with  the  high  InGaA 
channel  electron  mobility  and  peak  velocity.  In  addition,  it  has  been  suggest 
that  the  drift  region  extends  further  under  comparable  bias  conditions  and 
reduces  the  feed  back  capacitance  and  output  conductance  [11.  Thus,  the  above 
technique  has  been  applied  to  such  structures  to  verify  the  Utter  pc  •  n 
essence  it  implies  that  the  hot  carriers  follow  mainly  the  broad  velouty/field 
relationship  of  the  InAlAs  or  InP  barrier  material,  rather  than  the  steep  curve  o 
the  InGaAs  channel.  Two  InP  based  device  structures  are  considered  in  ns 
experiment  and  compared  to  the  GaAs  based  HFET  presented  in  section  III: 

(1) P  A  structure  with  InGaAs  channel  and  InGaAs/InAlAs  superlattice  sub¬ 
channel  and  buffer.  The  2DEG-density  in  this  structure  is  Ns=2.8*10  cm  ;  tie 
gate  length  is  0.3pm.  Details  of  this  structure  have  been  published  elsewhere  I  1- 

(2)  An  InGaAs-InP  stepped  QW-channel  sandwiched  between  two  In  A  ^s 
barriers.  The  2DEG-density  located  in  the  InGaAs  sub-channel  is  Ns=2.2*10  cm  , 
the  gate  length  is  0.6pm.  Details  of  this  structure  are  given  in  | 111. 
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As  a  basis  for  comparison  gate  bias  conditions  near  the  maximum  fp-condition 
have  been  chosen  with  drain  bias  as  extrinsic  and  drift  voltage  as  intrinsic 
variable.  The  development  of  I-Dcff  and  1/G<js  with  V(]rifi  is  shown  below. 


Fig  J_1 

Development  of 
drift  length  with 
intrinsic  drift 
voltage  for  GaAs 
and  InP  based 
H FETs  as 
described  in  the 
text.  In  each  case 
two  gate  bias 
conditions  near 
the  maximum  fj 
bias  point  are 
presented. 


It  can  be  seen  from  fig. 7  that  the  drift  region  in  both  InP  based  devices  develops 
essentially  deeper  than  in  the  case  of  the  GaAs  device.  Their  drift  region  develops 
linear  even  by  fitting  the  curves  with  a  small  a  =0.1  (in  a  procedure  as  described 
in  section  III  A).  An  explanation  within  the  frame  of  this  model  for  this  distinctly 
different  behavior  to  the  GaAs  based  devices  is  a  lateral  space  charge  distribution 
in  the  channel  (hyperbolically  decreasing  towards  the  drain)  due  to  the  electron 
velocity  distribution  in  the  overshoot  regime  in  both  heterostructures. 


The  output  conductances 
are  compared  in  fig. 8. 


Fig. 8: 

Output  conductance 
vs.  drift  region 
length  for  the  GaAs 
based  device  and 
the  InP  based 
device  (1)  at  the 
bias  points  of  fig. 7. 
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In  this  case  an  identical  behavior  is  observed.  No  benefit  from  the  deep 
InGaAs/InAlAs  QW  is  seen.  This  is  indeed  expected  from  a  more  detailed  analysis, 
which  shows  that  the  ratio  gm/Gds  is  only  dependent  on  the  product  of  the 
structural  aspect  ratio  and  the  drift  region  aspect  ratio  and  independent  of  the 
material  basis  and  heterostructure  configuration  161. 

Thus,  the  high  fmax/f'r  ratio  of  IrtP  based  HFET’s  can  essentially  be  linked I  to  the 
wider  extension  of  their  drift  region.  At  the  same  time  a  high  fyLg-produc 
observed.  This  indicates  a  high  average  transit  velocity  in  this  region.  An  analysis 
in  this  respect  may  follow  that  of  section  II1B. 

V  Conclusion 

A  novel  concept  has  been  presented  relating  Cgd  and  Gds  (which  are  the  key 
intrinsic  parameters  for  the  power  gain  cut-off  frequencies)  of  QW-channel  FET 
devices  to  the  intrinsic  gate-drain  high  field  drift  region.  The  drift  region  i 
described  by  a  drift  capacitor  and  with  the  help  of  a  simple  geometnca 

approximation  a  bias  dependent  effective  drift  region  length  can  be  defined  and 
used  as  Hgure  of  merit  to  compare  a  variety  of  devices.  This  is  possible  regard  ess 
of  the  technology  used,  because  only  S-parameter  measurements  and  standard 
equivalent  circuit  element  extraction  are  needed  besides  the  physical  gate  length 

and  width  of  the  device.  A  pronounced  difference  in  the  development  o  tie  ri 
region  is  seen  between  GaAs  based  and  InP  based  devices. 

In  the  case  of  the  GaAs  device  investigated,  the  drift  region  can  be  described  as  a 
lateral  space  charge  layer,  the  extension  being  determined  by  the  active  channel 
donor  charge  up  to  rather  high  current  levels.  The  extension  of  the  dr, ft  region 
follows  therefore  largely  a  LDcrf  -  (Vdlir, ^-relationship,  litntting  the  extension 
of  the  drift  region  at  high  drain  fields.  To  utilize  high  overshoot  velocities  a 
narrow  recess  is  therefore  essential. 

In  the  contrary,  for  InP-based  devices  a  linear  relationship  LDcff  -  vdrift  is  seen 
even  for  high  drain  fields.  One  might  speculate  that  in  this  case  the  drift  region 

extension  is  determined  by  the  lateral  profile  of  the  electronic  domain  charge.  ie 

straight  proportionality  would  then  lead  to  a  hyperbolically  decreasing  net  charge 
density  towards  the  drain.  It  seems  therefore  that  the  high  fmax/^T -ratio  at  lug  i 
fT  obtained  with  the  InP  based  devices  is  mainly  linked  to  a  high  velocity  at  ug 
fields.  Therefore  it  might  be  suggested  that  the  hot  earners  traverse  the  drift 
region  mainly  in  the  InAlAs  and  InP  barrier  material. 

Correlating  the  extension  of  the  drift  region  with  the  output  conductance  shows 
that  for  both  cases  a  linear  relationship  holds.  It  seems  that  the  mechanisms 
causing  parallel  conduction  can  be  well  linearized  in  the  region  of  interest.  No 
dependence  of  the  output  resistance  on  the  specific  QW-conf,gura„on  ,s  observed 
(in  the  open  channel  high  field  region)  and  the  dominating  influence  of  the  aspect 
ratio  product  of  the  device  is  confirmed. 
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Considering  both  feed-back  and  output  conductance,  it  can  be  concluded  that  the 
main  reason  for  the  high  intrinsic  gain  cut-off  frequencies  of  InP  based  HFET 
devices  is  the  large  drift  region  extension  in  conjunction  with  a  high  transit 
velocity. 
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ABSTRACT 

Large  signal  RF  and  DC  performance  of  n-type  6H-SiC  and  p-type  diamond  MESFETs  has  been 
simulated  at  various  operating  temperatures  by  a  large-signal  RF  simulator  using  the  harmonic 
balance  technique  and  the  two-dimensional  device  simulator,  PISCES-IIB.  The  RF  performance  of 
SiC  MESFET  is  predicted  to  be  optimal  in  a  temperature  range  slightly  higher  than  room 
temperature.  At  room  temperature  the  simulated  SiC  MESFET  exhibits  an  output  power  of  3.5 
W/mm  for  an  operating  frequency  of  8  GHz  with  16.5  dB  gain  and  44  %  power-added  efficiency 
at  24  dBm  input  power.  In  contrast  to  the  SiC  MESFET,  the  RF  performance  of  the  diamond 
MESFET  is  improved  with  temperature,  but  the  current  level  is  much  lower  than  that  in  SiC  in  the 
entire  temperature  region  investigated.  The  very  different  temperature  dependencies  of  DC  and  RF 
performance  in  SiC  and  diamond  MESFETs  are  attributed  to  the  significant  difference  in  the  dopant 
ionization  energies  in  SiC  and  diamond. 


Introduction 

Wide  band-gap  semiconductors  have  been  given  significant  attention  as  potential  materials  for 
high-frequency,  high-power,  and  high-temperature  applications  due  to  the  high  saturation  velocity, 
high  breakdown  voltage,  and  high  thermal  conductivity  [1].  It  has  been  predicted  that  SiC  and 
diamond  possess  the  materials  characteristics  that  may  permit  RF  electronic  devices  with 
performance  greater  than  what  is  available  from  devices  fabricated  from  Si  and  GaAs  [1].  It  has 
been  shown  that  diamond  and  SiC  can  provide  substantial  improvements  in  the  power-handling 
capability  when  compared  to  conventional  semiconductors  [2].  A  more  critical  evaluation  based  on 
existing  packaging  technology  indicated  that  the  device  size  of  a  high  voltage  6H-SiC  MOSFET 
can  be  significantly  reduced  compared  to  a  Si  device  at  high  temperature  operation  [3]. 


The  temperature  dependence  of  the  drain  current  level  and  thus  the  RF  performance  of  the 
MESFET  structure  is  mainly  determined  by  :  a)  number  of  activated  carriers  in  channel  ;  b) 
saturation  velocity  of  the  carrier;  and  c)  mobility  of  the  carrier.  In  particular,  consideration  of  the 
dopant  ionization  process  is  critical  in  diamond  and  SiC  for  an  accurate  theoretical  prediction  on  the 
high  temperature  device  performance.  This  is  due  to  the  relatively  high  ionization  energies  of 
dopants  in  these  materials.  With  the  help  of  recent  significant  research  efforts  in  SiC  and  diamond, 
the  materials  parameters  and  temperature  dependencies  of  current  transport  mechanisms  for  these 
materials  are  better  understood. 
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In  this  paper,  we  report  DC  and  RF  characteristics  of  simulated  SiC  diamond  MESFET  over  a 
wide  temperature  range  from  room  temperature  up  to  1000  K.  The  present-day  materials 
parameters  were  embedded  in  the  simulation.  Temperature  dependencies  of  saturation  drift  velocity 
and  mobility  were  also  considered  at  various  operating  temperatures.  Very  importantly,  incomplete 
dopant  ionization  was  employed  to  calculate  the  activated  carriers  in  the  channel.  A  preliminary 
comparison  is  made  based  on  the  same  device  structure  for  diamond  and  SiC  MESFETs. 


Simulation  Experiments 

The  DC  and  RF  performance  of  n-type  6H-SiC  and  p-type  diamond  MESFETs  was  investigated 
by  a  harmonic  balance  circuit  simulator  which  utilizes  the  accuracy  of  the  two-dimensional 
numerical  device  simulator,  PISCES-IIB.  The  harmonic  balance  simulator  extracts  the  MESFET 
gate  and  drain  current  and  capacitance  characteristics  which  are  calculated  by  PISCES-IIB  and  then 
performs  large  and  small  signal  analysis.  The  large-signal  RF  simulator  is  a  NCSU  physics  based 
GaAs  MESFET  model  and  has  demonstrated  excellent  accuracy  in  predicting  the  RF  performance 
of  a  variety  of  industrial  devices  fabricated  from  GaAs[4]. 


The  exact  role  of  various  scattering  mechanisms  that  govern  the  temperature  dependence  of 
mobility  is  not  presently  known  in  both  6H-SiC  and  diamond.  For  3C-SiC,  the  dependence  has 

been  reported  to  have  a  form  of  T"  «  where  a  ranges  from  1.2  to  1.4[5].  For  p-type  diamond,  the 
mobility  degrades  rapidly  with  temperature.  The  temperature  dependence  has  been  reported  to  be 
T-  P  where  p  is  between  2.2  and  2.8[6,  7].  We  assumed  values  of  1.3  and  2.8  for  n-type  6H-SiC 
and  p-type  diamond,  respectively.  The  dependences  of  temperature  on  the  drift  velocity  of  the 
carrier  were  assumed  to  vary  as  T"  °-87  and  T*  016  for  SiC  and  diamond,  respectively.  Table  I  lists 
the  major  material  parameters  used  in  the  simulation  of  SiC  and  diamond  MESFETs  at  room 
temperature. 


Table  I-  List  of  the  major  material  parameters  (room  temperature!  used  in  the  simulation 


Materials  Parameters  ||  Diamond  (p-type) 

6H-SiC  (n-type) 

Activation  Energy  (eV) 

0.35 

0.10 

Energy  Gap  (eV) 

5.4 

2.86 

Low-field  Mobility  (cm2/V-s) 

1200 

340 

Saturation  Velocity  (cm/s) 

1.7  x  107 

2x  107 

Density  of  States  (Nc)  (/cm3) 

1.8  x  1019 

1.04  x  1019 

Density  of  States  (Nv)  (/cm3) 

5.0  x  1019 

2.8  x  1019 

Relative  Permittivity 

5.7 

10.0 

S.R.H.  Life  Time  (hole)  (s) 

lxlO'9 

lxlO'9 

S.R.H.  Life  Time  (electron)  (s) 

lxlO-9 

lxlO'9 
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Several  parameters  such  as  intrinsic  carrier  concentration,  density  of  states,  and  band  gap  energy 
exhibit  temperature  dependence  and  are  included  in  the  simulation.The  effect  of  temperature  on  free 
carrier  activation  is  modeled  using  Fermi-Dirac  statistics  for  incomplete  ionization.  The  activation 
energy  of  the  dopant  has  the  most  sensitive  dependence  on  temperature.  Fortunately,  the  activation 
energies  for  n-type  SiC(Nitrogen  doped)  and  p-type  diamond(Boron  doped)  are  well  established 
which  are  0.10  eV[8]  and  0.35  eV[9],  respectively.  Due  to  the  high  thermal  conductivity  of  these 
two  materials,  the  possible  dissipated  dc  energy  was  not  taken  into  account  in  the  RF  simulation. 
In  typical  RF  devices  fabricated  from  conventional  materials  such  as  Si  and  GaAs,  the  dissipated 
energy  causes  a  temperature  rise  in  the  conducting  channel  and  severely  degrades  the  DC  and  RF 
performance. 


DC  and  RF  Performance  of  P-Type  Diamond  MESFET 

The  present-day  materials  parameters  have  been  implemented  for  the  DC  simulation  of  a  p-type 
diamond  MESFET  at  several  temperatures.  A  cross  sectional  sketch  of  the  investigated  device 
structure  is  shown  in  Fig.l.  The  workfunction  of  the  gate  metal  is  5.1  eV.  The  contact  resistance 

of  ohmic  contacts  (source  and  drain)  is  assumed  to  be  1  x  10’5  Q-cm2. 


I  1  micron  j  0.5  micron  ( 

2  micron 

_ *J 

Source 

*  Gate  ^ 

1  Drain 

VMMMm 

wmmm 

i 

Channel 

Na  =  5E17 

0.15  micron 

p+  J 

Substrate 

L  p+ 

Fig.  1  Schemetic  cross  sectional  sketch  of  a  p-type  diamond  MESFET. 

The  structure  of  a  n-type  SiC  MESFET  is  same.  The  gate  width  of  the 
device  is  1  mm. 

Figs. 2  (a)  -  (b)  show  the  DC  I-V  characteristics  obtained  at  room  temperature  and  650  C.  The  gate 
voltage  ranges  from  0  to  20  V.  The  drain-source  current  at  923  K  is  substantially  higher  than  that  at 
room  temperature.  The  magnitude  of  channel  current  is  an  indicator  of  the  power  capability  of  the 
MESFET.  For  this  reason,  the  DC  performance  of  the  device  was  simulated  at  various 
temperatures.  The  result  is  shown  in  Fig.3(a).  The  peak  drain  current  increases  with  temperature 
almost  up  to  950  K  and  starts  to  drop  at  this  temperature.  The  influence  of  temperature  on  drain 
current  is  significant.  The  peak  drain  current  at  923  K  is  approximately  25  times  higher  than  that  at 
room  temperature.  For  simplicity,  the  peak  drain  current  in  Fig.3  is  defined  as  the  drain  current  at 
Vgs  =  0  and  Vds  =  50  V. 


The  RF  performance  for  different  temperatures  was  performed  using  a  harmonic  balance  simulator. 
Figs.4  (a)  -  (c)  compare  the  RF  characteristics  of  the  device  at  different  operating  temperatures. 
The  device  was  characterized  at  an  operating  frequency  of  5  GHz  with  Vgs  =  10  V  and  Vds  =  40 
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V.  At  higher  temperatures,  there  is  an  improvement  in  RF  output  power  as  well  as  gain  and  power- 
added  efficiency  (PAE).  This  result  is  consistent  with  the  channel  current  variation  which  is  shown 
in  Fig. 3.  The  PAE  at  773  K  has  approximately  33  %  peak  at  an  input  power  of  22  dBm.  The  linear 
gain  is  about  8.5  dB  and  the  output  power  is  approximately  0.75  W/mm  at  this  temperature. 


The  improvement  of  DC  and  RF  performance  with  temperature  in  a  diamond  MESFET  can  be 
attributed  to  a  high  value  of  activation  energy  (0.35  eV)  for  the  ionization  of  Boron.  The  high 
activation  energy  also  explains  the  significant  variation  of  drain  current  with  temperature  as  seen  in 
Fig.3(a).  It  is  believed  that  the  magnitude  of  channel  current  and  thus  the  RE  performance  is 
dominated  by  the  ionization  process  until  950  K.  The  current  level  beyond  this  point  begins  to  fall 
due  to  degraded  mobility  and  drift  velocity  at  high  temperature. 


DC  and  RF  Performance  of  n-Type  6H-SiC  MESFET 

DC  and  RF  characteristics  of  a  6H-SiC  MESFET  were  investigated  for  the  same  device  structure  as 
in  the  diamond  MESFET  discussed  above.  The  workfunction  of  gate  metal  is  5.7  eV.  The  contact 

resistance  of  ohmic  contacts  is  assumed  to  be  1  x  10'5  Q-cm2.  This  number  is  a  realistic  value  that 

can  be  achieved  by  highly  doping(l  x  1019/cm3)  under  the  source  and  drain  contact.  Fig.3(b) 
shows  the  peak  drain  current  of  the  SiC  MESFET  in  a  temperature  range  of  300  K  to  1000  K. 
Compared  to  the  diamond  MESFET,  the  DC-IV  characteristics  of  a  SiC  MESFET  are  very 
different.  The  magnitude  of  drain  current  at  the  entire  temperature  range  is  much  higher.  And  the 
maximum  drain  current  level  is  at  about  373  K,  which  is  much  lower.  The  variation  of  drain 
current  with  temperature  is  much  smaller. 


The  temperature  dependence  of  IV  characteristics  in  SiC  MESFET  results  from  relatively  low 
ionization  energy  of  donor(nitrogen)  in  SiC,  which  is  about  0.1  eV.  This  number  is  much  larger 
compared  to  0.35  eV  in  diamond.  Also  the  smaller  temperature  dependence  of  mobility  in  SiC 
contributes  to  less  sensitivity  of  the  drain  current  to  temperature  after  the  peak  current 
maximum (373  K).  Figs.5(a)-(b)  show  the  DC-IV  characteristics  of  SiC  MESFET  at  300  K  and 
923  K.  The  pinch-off  voltage  in  SiC  (about  -9  V)  is  less  than  that  in  diamond  due  to  the  higher 
permittivity  of  SiC. 


The  higher  drain  current  level  in  SiC  MESFET  leads  to  a  better  RF  performance  compared  to  the 
diamond  MESFET.  The  RF  performance  of  SiC  MESFET  was  simulated  at  300  K,  573  K,  773  K 
and  923  K.  The  result  is  shown  in  Figs.6(a)-(c).  Our  investigation  suggests  that  the  best  RF 
performance  of  SiC  MESFET  is  obtained  at  a  temperature  range  slightly  higher  than  room 
temperature.  At  300  K,  the  maximum  output  power  of  3.5  W/mm  with  power-added  efficiency  of 
44  %  and  linear  gain  of  16.5  dB  was  obtained  at  an  operating  frequency  of  8  GHz  with  Vgs  =  -3.5 
V  and  Vds  =  40  V.  At  923  K,  the  device  produced  about  1.8  W/mm  with  efficiency  of  32  %  and 
gain  of  12.5  dB  under  the  same  bias  condition.  Based  on  the  specific  device  structure  under 
present  investigation,  the  RF  performance  of  SiC  MESFET  is  superior  to  that  of  diamond 
MESFET.  It  must  be  pointed  out,  however,  that  thermal  effects  and  breakdown  of  devices  were 
not  taken  into  account  in  the  present  study.  The  thermal  conductivity  of  diamond  is  known  to  be 
about  7  times  higher  than  that  of  SiC.  The  higher  thermal  conductivity  will  lead  to  a  higher 
breakdown  voltage  in  diamond  than  in  SiC  at  very  high  temperatures.  The  higher  breakdown 
voltage  expands  the  operating  area  for  the  dynamic  load  line  in  large  signal  performance  [10]  and 
reduces  the  advantage  of  SiC  over  diamond. 


Conclusion 


The  DC  and  RF  performance  of  n-type  6H-SiC  and  p-type  diamond  MESFETs  has  been  simulated 
using  the  present-day  materials  parameters  at  various  temperatures.  For  SiC  MESFET,  the  RF 
performance  is  predicted  to  be  optimal  at  near  room  temperature  and  to  be  degraded  as  temperature 
is  increased.  At  room  temperature  the  simulated  SiC  MESFET  exhibits  an  output  power  of  3.5 
W/mm  for  an  operating  frequency  of  8  GHz  with  16.5  dB  gain  and  44  %  power-added  efficiency. 
In  contrast,  the  RF  performance  of  a  diamond  MESFET  is  improved  with  temperature  from  room 
temperature  up  to  950  K  due  to  the  very  high  activation  energy  of  dopants  for  ionization.  The 
current  level  of  the  diamond  MESFET  is  much  lower  than  that  of  the  SiC  MESFET,  particularly  at 
the  low  temperature  region  investigated.  At  773  K,  the  diamond  MESFET  produces  about  0.75 
W/mm  at  5  GHz  and  33  %  power-added  efficiency  at  21  dBm  input  power.  From  a  preliminary 
analysis  based  on  a  simple  device  structure,  it  may  be  concluded  that  the  RF  performance  of  a  n- 
type  6H-SiC  MESFET  is  superior  to  that  of  p-type  diamond  MESFET.  Further  research  that 
implements  several  other  factors  such  as  thermal  effects,  breakdown  voltage,  and  optimized  device 
structure  is  needed  for  a  more  objective  comparison  between  the  SiC  and  diamond  devices. 
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Fig.2  I-V  characteristics  for  a  p-type  diamond  MESFET  (W  =  1  mm)  at  a)  300  K  and  at 
b)  923  K.  The  gate  voltage  ranges  from  0  to  20  V  in  steps  of  2  V.  Ids  is  very  low 
at  300  K.  y 


Peak  Drain  Current  (mA/mm)  Peak  Drain  Current  (mA/rnni) 
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Fig.3  Peak  drain  current  (Ids  at  Vgs  =  0  and  Vds  =  50  V)  versus  device  operating  temperatures 
for  a)  p-type  diamond  MESFET  and  b)  n-type  6H-SiC  MESFET. 
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Fig.4  RF  performance  of  a  p-type  diamond  MESFET  at  different  operating  temperatures:  a) 
gain  versus  input  power  b)  power-added  efficiency  versus  input  power  and  c)  output 
power  versus  input  power  (F  =  5  GHz,  W  =  1  mm,  Class  A). 
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Fig. 5  I-V  characteristics  for  a  n-type  6H-SiC  MESFET  (W  -  1  mm)  at  a)  300  K  and  at 

b)  923  K.  The  gate  voltage  ranges  from  0  to  - 10  V  in  steps  of  -2  V. 
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Fig. 6  RF  performance  of  a  n-type  6H-SiC  MESFET  at  different  operating  temperatures:  a) 

gain  versus  input  power  b)  power-added  efficiency  versus  input  power  and  c)  output 
power  versus  input  power  (F  =  8  GHz,  W  =  1  mm,  Class  A). 
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ABSTRACT 


Band  structure  calculations,  charge  distribution  and  charge  control 
properties  in  InGaAs-based  pseudomorphic  modulation  doped  [lll]-FET’s  are 
presented.  Compressive  strain  in  AlGaAs/InGaAs/GaAs  structures,  and  both 
tensile  and  compressive  strains  in  AlInAs/InGaAs/InP  devices  are  used  to 
generate  internal  electric  fields  via  the  piezoelectric  effect.  Normal  and 
inverted  HEMT’s  with  maximum  charge  in  the  well  and  minimized  parallel 
conduction  have  been  designed  using  this  piezoelectric  internal  field. 
Improvements  in  charge  concentration  (up  to  50%  more)  and  its  distribution 
in  the  well  (almost  centered)  are  achieved  in  this  new  orientation. 
Transconductance  and  gate  capacitance  versus  gate  voltage  are  compared  for 
the  [100]  and  [111]  orientations.  We  conclude  that  the  device  performance 
is  improved  when  the  [111]  substrate  is  used. 


I.  INTRODUCTION 


There  has  recently  been  much  interest  in  the  properties  and  potential 
device  applications  of  strained  layers,  piezoelectrically  active  in 
semiconductor  heterostructures  grown  on  polar  substrates  [1].  A  number  of 
optical  devices  have  been  proposed  [1,2],  and  Snow  et  al  [3]  have  recently 
suggested  that  the  use  of  a  strained  barrier  grown  in  the  [111]  direction 
could  be  used  to  achieve  inversion  without  the  need  for  extrinsic  doping. 
The  use  of  InGaAs  pseudomorphic  channels  in  high  electron  mobility 
transistors  (PMHEMT’s),  has  led  to  considerable  improvements  in  device 
performance  due  to  the  increased  AEc,  which  allows  high  electron  densities 
even  when  low  Al  content  barriers  are  used  [4]. 

Calculations  showing  enhanced  carrier  densities  and  device  performance 
in  [111] -oriented  AlGaAs/InGaAs/GaAs  HEMT  structures,  where  the 
piezoelectric  field  is  placed  within  the  active  region,  have  been  reported 
[5].  In  this  paper  we  present  a  comparative  analysis  of  [111]  and  [100] 
PMHEMT’s  grown  on  GaAs  or  InP  substrates.  Important  device  parameters,  such 
as  transconductance  and  gate  capacitance,  are  estimated  from  the  channel 
charge  versus  gate  voltage  behavior. 
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(N+(z)  and  N  (z)  for  donors  and  acceptors  respectively)  and  the  free 

d  a 

carriers  (in  our  case  we  consider  an  n-type  HEMT): 


p(z)  =  q 


N+(z)  -  N  (z) 

^  d  a 


(4) 


Assuming  a  standard  depletion  approximation  in  the  GaAs  substrate, 
N  (z)  is  equal  to  the  residual  acceptor  density,  N  (z).  This  assumption 

3  a 

considers  that  the  Fermi  level  is  close  to  the  conduction  band  in  the  rest 
of  the  structure  and  all  the  acceptor  levels  are  filled.  The  free  electron 
concentration  is  obtained  adding  the  populations  of  all  the  subbands  up  to 
a  maximum  of  ten  (usually,  no  more  than  three  have  electrons),  with  a 
spatial  probability  factor  given  by: 


m  KT  /  p  z 

n(z)  =  £  - - -  In  |l  +  exp^(Ef-Ei)/KTj|  | ( z )  | 


(5) 


where  E  is  the  electron  quasi-Fermi  level  and  E  stands  for  the  electron 
f  i 

quantum  eigenvalues. 


Position  (A) 


Fig.  1.  Conduction  band  and  charge  distribution  for  [100]  (dashed 
lines)  and  [111]  (solid  lines)  devices  on  GaAs  (a)  and  InP  (b). 


It  is  clearly  seen,  from  equations  (3)  to  (5),  that  the  wavef unctions 
are  needed  to  solve  the  Poisson  equation  in  V  (z),  which  is  also  included 

h 

in  the  Hamiltonian.  Therefore,  a  self-consistent  solution  has  to  be 
obtained.  In  order  to  solve  the  above  system  of  equations  two  boundary 
conditions  have  to  be  considered: 
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II.  SELF-CONSISTENT  MODEL 


In  this  paper  new  ideas  for  InGaAs  PMHEMT’ s  are  presented. 
[Ill ] -oriented  substrates  of  GaAs  or  InP  are  used,  allowing  for  compressive 
or  tensile  strain  in  the  InGaAs  layers.  The  model  presented  here  follows 
the  envelope-wave-function  formalism  in  the  effective  mass  approximation 
[6].  This  method  has  the  advantage  that  it  is  easy  to  take  into  account  the 
effect  of  any  potential  profile  superimposed  on  the  lattice  potential,  the 
latter  being  described  with  parameters  such  as  the  electron  and  hole 
effective  masses  and  energy  gaps.  The  Hamiltonian  for  electrons  is  given 
by: 


d 

r  1  d 

1 

-h 

+V(z) 

* 

0 

2  m  dz 

0 

m  (z)  dz 

J 

and  the  subsequent  eigenvalue  problem: 

H  \Ji  =  E  0  ,  (2) 


* 

where  m  is  the  free  electron  mass  and  m  (z)  the  electron  effective  mass  in 

O 

the  growth  direction,  is  solved  for  a  typical  multilayer  system  containing 
an  undoped  InGaAs  QW  layer  grown  on  a  semi-insulating  layer  (substrate  or 
buffer),  and  cladded  with  a  selectively  doped  barrier.  The  electron 
effective  mass  can  change  significantly  from  the  InGaAs  QW  to  the  AlGaAs  or 
AlInAs  barrier  [7],  and  this  fact  is  included  in  eq.  (1)  by  means  of  a  soft 
step-like  function,  suchas  that  assumed  by  Stern  et  al  [8].  The  abruptness 
of  the  effective  mass  change  is  increased  until  no  changes  in  the 
simulation  results  (wavefunctions  and  eigenenergies )  are  observed. 

According  to  the  modulation  doping  concept,  a  spatially  distributed 
charge  density,  corresponding  to  electrons  transferred  into  the  well  and  to 
ionized  donors  in  the  barrier,  is  obtained.  As  a  result,  each  electron  in 
the  system  "sees"  the  electrostatic  influence  of  all  the  others.  This 
picture  poses  a  very  complicated,  many-body  problem,  which  is  simplified 
using  a  one-electron  approximation  corrected  for  the  exchange-correlation 
interaction.  We  use  the  simple  analytic  parameterization  proposed  by  Hedin 
and  Lindqvist  as  in  ref.  [8]. 

The  resulting  potential,  V(z),  that  is  introduced  in  the  Schrodinger 
equation,  contains  three  terms:  AEc(z),  V^Cz),  anc*  V^(z),  corresponding  to 

the  discontinuities  in  the  conduction-band,  the  electrostatic  (Hartree) 
potential  and  the  correlation  term,  respectively.  The  term  V^(z)  *s  derived 

from  the  solution  of  the  Poisson  equation: 

e(z)VVh(z)j  =  qp(z)  (3) 


where  the  total  charge  density,  p(z),  includes  the  ionized  impurities 
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i)  The  substrate  is  large  enough  to  contain  the  space  charge  region 
due  to  the  residual  ionized  impurities. 

ii)  The  potential  E  -E  at  the  top  interface  is  given  by  the  Schottky 

C  f 

barrier. 

The  Schrodinger  equation  is  now  solved  for  an  initial  V(z)  function 
using  a  "finite  element"  method  with  a  basis  of  cubic  ^-splines  [9].  Then 
the  Fermi  level  is  obtained  iteratively  until  the  charge  neutrality 
condition  is  fulfilled,  i.e.: 


Q 


r 


p(z)  dz 


(7) 


Q  being  the  surface  charge  density  at  the  metal  gate  which  is  related  to 

S 

the  electric  field  at  this  point.  Once  the  Fermi  level  is  known,  the 
integration  of  Poisson’s  equation  generates  the  electrostatic  potential 
that  is  introduced  again  into  the  Hamiltonian.  For  convergence  purposes, 
the  scheme  proposed  in  ref.  [10]  is  followed. 


Fig.  2:  Charge  in  the  well  versus  reverse  gate  voltage  for  GaAs  (a) 
and  InP  (b)  based  devices. 


III.  PIEZOELECTRIC  EFFECTS 

It  is  well  known  that  strain  in  zincblend  lattices  generates 
polarization  fields  [11].  We  assume  that  the  lattice  constant  mismatch  is 
accommodated  by  internal  biaxial  strain  in  the  QW,  rather  than  by  the 
generation  of  misfit  dislocations  (we  are  below  the  critical  thickness). 
Common  III-V  semiconductors  have  a  negative  piezoconstant.  Thus,  the  sign 
of  the  polarization  vector  in  the  active  layer,  if  present,  depends  on  the 
sign  of  the  strain  (difference  of  lattice  constants  between  layer  and 
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substrate),  and  on  the  kind  of  face  (terminated  with  the  anion,  B,  or 
cation,  A)  on  which  the  device  is  grown. 


Polarization  in  the  strained  well  is  given  by 


14  xy 


(8) 


where  e  is 

14 

off-diagonal 


the  piezoelectric  constant  in 

component  of  the  strain  tensor, 

(Cn  +  2Ci2) 
xy  2C44 


InGaAs.  e  is  the 

xy 

and  is  given  by 

XX 


symmetrized 

(9) 


with 


€ 

XX 


4C4  4  r  _j_ 

Cn  +2C12+4C44  a 
L  2 


1 


(10) 


where  a  and  a  are  the  lattice  constants  of  the  substrate  and  well, 
1  2 

respectively,  and  the  Cij  are  the  elastic  constants.  All  the  constants  for 

InGaAs  are  linearly  interpolated  from  the  values  for  the  binary 

constituents.  In  our  calculations,  the  dielectric  constant  e  =  e  e’  is 

o 

assumed  the  same  for  the  well  and  barriers,  giving  a  discontinuity  in  the 
electric  field  of  P/c.  This  boundary  condition  has  to  be  included  in  the 
self-consistent  loop  described  above. 


Gate  Voltage  (V)  Gate  Voltage  (V) 

Fig.  3.  Gate  capacitance  versus  reverse  gate  voltage. 


For  the  structures  analyzed  in  this  work,  the  following  practical  rule 
is  obtained:  compressive  strain  and  (lll)A  orientation  give  rise  to  an 
electric  field  pushing  the  electrons  towards  the  substrate.  The  same  is 
verified  when  tensile  strain  and  (lll)B  faces  are  considered.  An  electric 
field  of  opposite  direction  is  obtained  when  one  of  the  combinations 
compressive/(lll )B  or  tensile/( 11 1 )A  is  present. 
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The  above  rules  express  also  how  to  achieve  the  compensation  of  the 
electrostatic  potential  which  pushes  the  electrons  towards  the 
doped-barrier  interface.  Compressive  strains  should  be  convenient  to 
fabricate  normal  HEMT’ s  grown  on  (111 ) A,  while  inverted  devices  could  be 
obtained  on  (lll)B  orientations.  On  the  other  hand,  tensile  strain  (only 
possible  with  the  InP  system)  should  be  used  in  normal  (inverted)  HEMT’ s 
grown  on  (lll)B  ( (lll)A)  substrates. 


Gate  Voltage  (V) 


Fig.  4.  Normalized  intrinsic  transconductance  as  a  function  of  the 
reverse  gate  voltage. 


IV.  RESULTS  AND  DISCUSSION 

Two  structures  reflecting  the  above  ideas  have  been  studied  in  detail. 

Figure  la  shows  the  conduction  band  profile  and  charge  distribution,  n(z), 

of  a  normal  A1  GaAs/In  GaAs/GaAs  HEMT.  The  calculations  were  performed 
22  12 

for  room  temperature  operation  in  a  structure  composed  of  a  350A  AlGaAs 
doped  barrier  (2.5  x  10  cm  ) ,  a  spacer  layer  20A  thick,  an  InGaAs  well 
120A  thick,  and  the  GaAs  buffer/substrate.  An  acceptor  doping  level  of  1  x 
10  cm  is  taken  for  the  spacer,  the  QW  and  the  GaAs  barrier.  We  have 
assumed  a  Schottky  barrier  height  of  leV  at  the  metal  semiconductor 
interface,  corresponding  to  A1  on  AlGaAs.  The  profiles  for  both,  the  [  1 1 1  ] A 
(solid  lines)  and  the  [100]  (dashed  lines)  orientations  are  shown.  From 
this  comparison,  we  observe  that  the  piezoelectric  field  is  slightly 
stronger  than  that  corresponding  to  the  quasi-f latband  condition.  In  spite 
of  that,  the  average  distribution  of  electrons  is  improved  as  compared  to 
the  [100]  case  [5],  In  the  normal  [  1 1 1 ] A  HEMT,  the  electrons  are  closer  to 
the  center  of  the  well  for  a  wide  range  of  well  widths,  whereas  in  the 
[100]  structure  the  wavef unction  is  peaked  much  closer  to  the  AlGaAs  spacer 
interf  ace. 

The  self-consistent  calculations  for  devices  on  InP  substrates  give 

the  profiles  shown  in  fig.  lb.  An  A1  InAs/In  GaAs/Al  InAs  structure  has 

48  37  48 
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been  studied.  The  widths  of  the  different  layers  and  the  doping  levels  are 
assumed  to  be  the  same  as  for  the  GaAs-based  structures.  The  piezoelectric 
constant  is  lower  for  the  InGaAs  QW  in  the  InP-based  structure,  thus  giving 
an  exact  cancelation  of  the  Hartree  potential  on  it,  while  its  strain  is 
similar  to  that  for  the  GaAs-based  device. 

Large  channel  carrier  densities  are  required  in  power  devices.  A 
charge  control  analysis  of  the  above  piezoelectric  HEMT’ s  has  been 
performed  and  results  have  been  compared  with  those  grown  on  conventional 
[100]  substrates.  Figures  2a  and  2b  show  the  sheet  electron  concentration 
(Ns)  at  300  K  for  structures  grown  on  GaAs  and  InP,  respectively.  Solid  and 
broken  lines  denote  [111]  and  [100]  orientations,  respectively.  An  enhanced 
carrier  density  for  the  [111]  case  is  deduced.  In  fact,  as  it  has  been 
previously  reported  for  the  GaAs  case,  a  50%  improvement  in  charge 
concentration  is  predicted  as  compared  to  [100]  structures  [5]. 


Fig.  5.  Potential  profile 
and  charge  distribution. 


Gate  Voltage  (V) 

Fig.  6.  Charge  in  the  well  vs. 
reverse  gate  voltage. 


The  gate  capacitance  (Cg)  is  calculated  by  differentiating  the  charge 
in  the  gate  with  respect  to  the  gate  applied  voltage,  and  results  are  shown 
in  figures  3a  and  3b.  Near  the  threshold  voltage,  donors  in  the  doped 
barrier  are  fully  ionized,  being  electrons  far  from  the  gate,  resulting  in 
a  small  Cg.  An  increase  in  the  gate  voltage  (Vg)  gives  rise  to  confined 
electrons  that  do  not  shift  noticeably.  Thus,  Cg  remains  almost  constant. 
Finally,  the  total  capacitance  increases  rapidly  when  the  gate  is  forward 
biased,  as  donor  neutralization  and  parallel  conduction  become  marked.  By 
comparing  the  [111]  and  the  [100]  orientations  no  significant  differences 
are  found,  except  that  for  the  [111] -oriented  devices  Cg  is  almost  constant 
for  a  wider  range  of  gate  voltages. 


We  have  also  estimated  the  intrinsic  transconductance  under  the  short 
channel  approximation  as 


gmo  —  Cw  Vs 


(11) 
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where  vs  is  the  saturation  velocity  for  the  electrons,  and  Cw  is  the 
capacitance  due  to  electrons  in  the  channel.  This  is  calculated  as  a 
function  of  Vg  for  both  the  [100]  and  the  [111]  cases  (figures  4a  and  4b  in 
GaAs  and  InP,  respectively).  First,  the  maximum  value  of  Cw  is  almost  the 
same  for  both  structures,  but  it  is  slightly  larger  for  the  [100]-oriented. 
We  assume  the  same  vs  for  [100]  and  [111]  orientations,  thus  leading  us  to 
identify  Cw  and  gmo.  A  more  important  point  is  that  gmo  takes  the  highest 
values  through  a  wider  range  of  voltages  in  the  [111]  structure  than  in  the 
conventional  [100]  orientation. 

Finally,  self  consistent  calculations  have  been  performed  for  inverted 
HEMT’ s  grown  on  [ 1 1 1 ] B  and  on  [100]  GaAs  substrates.  Conduction  band 
profiles  and  charge  distributions  are  shown  in  figure  5.  Once  again  the 
piezoelectric  field  allows  us  to  have  the  electrons  at  the  center  of  the 
QW,  while  a  very  symmilar  number  of  carriers  is  simultaneously  obtained,  as 
it  is  shown  in  figure  6. 


V.  CONCLUSIONS 

We  have  compared  normal  and  inverted  HEMT’ s  grown  on  [100]  and  [111] 
substrates.  Both  GaAs  and  InP-based  structures  have  been  considered.  The 
effects  of  the  strain-induced  piezoelectric  field  have  been  evaluated  by 
using  a  unidimensional  self-consistent  model.  Charge  control,  gate 
capacitance  and  intrinsic  transconductance  have  been  compared  for  the 
several  structures.  It  is  concluded  that  [111]  devices  present  improved 
characteristics  for  HEMT’ s  applications. 
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Abstract 

Hetero junction  bipolar  transistors(HBTs)  show 
promise  as  a  high  speed  and  high  power  den¬ 
sity  device  for  many  circuit  applications.  How¬ 
ever,  the  quasi-static  models  found  in  stan¬ 
dard  circuit  simulation  tools  can  not  treat  fast 
transients  in  HBTs  properly.  This  leads  to 
inaccurate  simulations  at  high  frequency  and 
of  strongly  non-linear  operation.  To  properly 
account  for  the  charge  in  transit  through  the 
device,  non-quasi-static(NQS)  models  must  be 
used. 

This  work  presents  a  model  for  the  bipolar 
transistor  formed  from  regional  modules.  Each 
module  is  a  NQS  solution  to  a  specific  region 
of  the  transistor  and  uses  material  and  geome¬ 
try  inputs.  These  modules  are  solved  for  phys¬ 
ical  consistency  during  non-linear  circuit  simu¬ 
lation.  The  modularization  allows  appropriate 
approximations  for  each  region  to  yield  analytic 
solutions. 

The  input  parameters  for  the  model  reflect 
the  physical  structure  of  the  device  as  much  as 
possible  to  provide  intuitive  results  and  verifi¬ 
ability.  This  allows  direct  device  optimization 
since  all  parameters  are  either  uncorrelated  or 
their  correlations  can  be  derived  from  process 

‘This  work  was  supported  in  part  by  ONR  contract 
N00014-89-C-0181,  NSF  contract  DMS-9024622,  and  by 
Texas  Instruments. 


parameters.  Thus  the  device  can  be  optimized 
in  its  circuit  environment. 

The  model  provides  for  many  effects  which 
previously  required  numerical  simulation  for  ac¬ 
curate  results.  These  include  forward  and  re¬ 
verse  Early,  Webster/Rittner,  and  Kirk/quasi- 
saturation  effects.  By  following  the  modular 
modeling  scheme,  these  effects  are  simply  the 
result  of  varying  boundary  conditions  on  each  of 
the  regional  solutions.  The  modular  model  pro¬ 
vides  much  of  the  physical  insight  of  numerical 
models  but  with  computational  requirements  on 
the  same  order  as  conventional  circuit  models. 

1  Introduction 

The  heterojunction  bipolar  transistor  has 
proven  itself  in  many  high-speed  applications. 
Circuit  design  with  HBTs  requires  accurate 
models  over  the  entire  useful  frequency  range  of 
the  devices.  Standard  bipolar  models  include 
the  Ebers-Moll  coupled  diode  model[l],  the 
Gummel-Poon  integral  charge  control  model[2], 
and  their  extensions[3,  4].  These  models  are 
known  as  quasi-static  since  the  internal  device 
solutions  are  obtained  under  static  conditions. 
Time  dependence  is  then  added  through  charg¬ 
ing  elements  such  as  capacitances.  For  transis¬ 
tors  where  the  response  is  limited  by  RC  time 
constants,  either  in  the  embedding  circuit  or  in 
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the  transistor  itself,  the  quasi-static  models  are 
sufficient.  If  the  transistor  and  circuit  have  very 
low  parasitic  capacitances  and  resistances,  then 
the  actual  propagation  of  charge  through  the 
device  must  be  treated.  This  is  known  as  non- 
quasi-static  modeling.  NQS  modeling  is  espe¬ 
cially  important  when  linearity  is  of  issue.  In¬ 
accuracies  in  signal-mixing  products  well  out  of 
the  operating  frequency  range  will  affect  the 
products  in-hand  and  may  interfere  with  the 
convergence  of  the  simulator. 

NQS  modeling  of  the  quasi-neutral  regions  in 
the  base  and  emitter  of  bipolar  transistors  has 
been  performed  previously[5,  6,  7,  8,  9].  Their 
effort  was  concentrated  on  deriving  lumped  ap¬ 
proximations  to  the  full  NQS  solution.  In  our 
model,  we  make  no  such  approximations. 

In  an  optimized  HBT  the  emitter  capacitance, 
emitter  minority  storage,  and  base  transit  time 
are  greatly  reduced  over  that  for  a  comparable 
homo  junction  transistor.  Thus  the  transit  time 
through  the  depleted  collector  becomes  a  signifi¬ 
cant  fraction  of  the  total  device  delay.  Choosing 
the  collector  epi-layer  thickness  involves  consid¬ 
ering  ft,  fmax,  and  collector  avalanche  break¬ 
down  voltage.  If  breakdown  voltage  is  not  the 
limiting  factor,  this  leads  to  a  tradeoff  between 
collector  transit  delay  and  collector  capacitance. 
Usually,  the  choice  is  made  so  that  fmax  is  ap¬ 
proximately  twice  ft  for  microwave  amplifiers. 
This  requirement  leads  to  wider  collector  re¬ 
gions  and  thus  to  transit  delays  dominated  by 
the  collector.  If  breakdown  is  the  limiting  el¬ 
ement,  then  the  collector  will  need  to  be  even 
thicker  leading  to  a  larger  dominance  by  the  col¬ 
lector  delay. 

During  a  voltage  transient,  the  collector 
space-charge-region  thickness  and  thus  the  col¬ 
lector  “delay”  are  modulated.  An  accurate 
large-signal  HBT  model  should  include  this 
collector  modulation.  Quasi-static  modeling 
including  drifting  charge  into  the  nonlinear 
collector-base  capacitance  has  been  used  for  in¬ 
termodulation  distortion  calculations[12].  How¬ 
ever,  the  transient  nature  of  the  drifting  charge 
and  the  modulation  of  the  collector  depletion  re¬ 


gion  requires  a  NQS  analysis.  A  NQS  model  for 
space- charge-regions  such  as  the  collector  has 
been  developed[10]. 

Section  2  outlines  the  modules  in  the  model 
and  details  the  simulation  strategy.  Section  3 
contains  the  model  for  the  space-charge  re¬ 
gions  including  drift  charge  and  boundary  fields. 
Section  4  presents  the  NQS  generalization  of 
Ramo’s  theorem  for  moving  boundaries.  Sec¬ 
tion  5  presents  the  NQS  quasi-neutral  region 
model.  These  models  allow  any  combination  of 
charge  injection  and  boundary  motion. 

The  analysis  is  applied  to  a  typical  HBT 
structure  in  section  6  and  DC  simulations  per¬ 
formed. 

2  Modular  Model 

The  bipolar  transistor  is  divided  into  five  nat¬ 
ural  regions.  These  are  the  emitter,  base,  and 
collector  quasi-neutral  regions  which  are  sepa¬ 
rated  by  the  emitter  and  collector  space-charge 
regions.  At  each  boundary  between  any  two  re¬ 
gions  the  potential,  electric  field,  current,  and 
carrier  concentrations  must  be  continuous  (  only 
graded  junctions  are  treated).  This  is  dia¬ 
grammed  in  figure  1.  A  small  subset  of  these 
variables  is  chosen  that  completely  determines 
the  state  of  the  transistor  and  allows  the  di¬ 
rect  analytic  calculation  of  all  regions.  These 
are  the  four  boundary  positions  between  quasi¬ 
neutral  and  space- charge  regions  (Xc,  Xbi,  Xt,2, 
Xc)  and  the  minority  densities  at  both  ends  of 
the  quasi-neutral  base  (Nbi,  7Vt,2 ). 

One- dimensional  analysis  is  used  to  simplify 
the  calculations.  This  is  a  very  good  assumption 
for  HBTs  due  to  their  low  base  sheet  resistance. 
A  sixth  module  is  used  to  account  for  the  non¬ 
linear  base  resistance.  This  is  considered  to  be 
purely  one- dimensional  orthogonal  to  the  rest  of 
the  transistor.  It  is  calculated  from  the  instan¬ 
taneous  quasi-neutral  base  width  and  majority 
carrier  concentration. 

These  six  modules  form  the  modular  model 
of  the  bipolar  transistor.  A  quasi-Newton  non¬ 
linear  equation  solver  using  GMRES[14]  is  used 
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to  obtain  solutions  when  the  model  is  embedded 
in  a  circuit  which  includes  sources.  The  solver 
solves  the  usual  KirchofF  circuit  constraints  si¬ 
multaneously  with  the  field  and  charge  density 
continuity  conditions. 

Time- variation  is  handled  differently  in  each 
module  depending  on  its  non-linear  behavior. 
The  space- charge  regions  (strongly  amplitude 
non-linear)  are  described  in  the  time  domain 
while  the  quasi-neutral  regions  and  the  col¬ 
lector/emitter  current  generator(modulated  de¬ 
lays)  are  described  in  the  frequency  domain. 
Modem  commercial  simulators  are  able  to  per¬ 
form  both  steady  state  and  transient  solutions 
with  both  device  descriptions  through  the  use 
of  FFTs  and  dynamic  convolution. 
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Figure  1:  Block  Diagram  of  Modular  Model. 


3  Space- Charge  Region 

The  three  components  of  this  model  axe  bound¬ 
ary  field  computation,  Gauss’  Law,  and  poten¬ 
tial  drop.  The  space-charge  regions  are  assumed 
to  equilibriate  much  faster  than  any  operational 
transient.  This  allows  the  model  to  be  consid¬ 
ered  instantaneous  in  its  response  to  changes 
in  its  environment,  i.e.  given  the  instantaneous 
boundary  positions  and  free  charge  distribution, 
the  electric  field  and  potential  are  determined. 

The  boundary  fields  are  computed  assuming 
significant  voltage  drop  across  the  region.  This 
yields  boundary  fields  given  by 


where  Ld  is  the  local  Debye  length  computed 
from  the  local  properties  of  the  quasi-neutral 
semiconductor.  One  requirement  is  that  the 
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Poisson’s  equation. 


X  (Low  Doped  deBye  Lengths) 
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Figure  2:  Exact  and  Approximate  Potentials. 

majority  carrier  distribution  be  known  in  all  re¬ 
gions  that  may  be  neutral  including  those  with 
steep  doping  gradients  such  as  the  subcollector- 
collector  junction  or  for  the  base-collector  junc¬ 
tion  at  high  current  densities.  Exact  solu¬ 
tions  for  this  case  require  solving  the  extremely 
non-linear  Poisson-Boltzmann  equation[15].  We 
have  obtained  an  approximate  solution  for  the 
case  of  step  doping  profiles  in  high-low  junc¬ 
tions.  For  the  higher  carrier  concentration 
side(assume  electrons  and  x  <  Xj),  we  obtain 
the  simple  Debye  length  scaling 

<t>  -  (j>0  -  A  exp  x+— j  •  (2) 

For  the  lower  carrier  side(a;  >  ij),  the  potential 
varies  as 

+  =  h  +  Y  log(c°th(  (*  )  *))■  (3) 

The  constants  A  and  B  are  determined  prior 
to  simulation  from  the  structure  to  yield  poten¬ 
tial  and  electric  field  continuity.  A  normalized 
comparison  of  these  expressions  with  an  exact 
numerical  calculation  is  shown  in  figure  2.  Note 
that  the  approximation  slightly  underestimates 
the  peak  electric  field.  This  is  necessary  to  en¬ 
sure  that  non-physical  results  where  V  •  V  >  p 
do  not  occur  on  the  boundaries. 

The  boundary  fields  are  continued  into  the 
space-charge  region  using  Gauss’  law  and  sim¬ 
ilarly  for  potential  using  the  integral  form  of 


These  integrals  are  computed  analytically  for 
various  doping  profiles  and  assuming  a  constant 
drift  velocity  in  the  collector. 

Thus  given  the  boundary  positions  and  mi¬ 
nority  current  waveforms,  we  compute  the  volt¬ 
ages  Kb  and  Kb  and  the  electric  field  disconti¬ 
nuities.  The  voltage  and  minority  current  are 
used  to  compute  the  boundary  minority  densi¬ 
ties  through  Fletcher  boundary  conditions[13] 
together  with  the  scattering  limited  velocity 
charge  density.  This  yields  a  collector  boundary 
with  non-zero  minority  density  in  forward  active 
operation.  The  discontinuities  in  minority  den¬ 
sity  and  electric  field  are  eliminated  during  the 
circuit  solve  to  yield  a  consistent  solution. 

4  SCR  Current  Generator 

The  derivation  of  the  NQS  collector  current  gen¬ 
erator  model[10]  begins  by  deriving  the  current 
induced  between  two  moving  conducting  plates 
by  a  moving  charge  sheet  between  them.  This 
solution  is  then  integrated  to  provide  the  solu¬ 
tion  for  a  continuous  charge  distribution  in  a 
collector. 

The  collector  current  generator  can  be  viewed 
as  discharging  the  base  charge  storage  or 
base  diffusion  capacitance.  Thus  the  major¬ 
ity  charge,  which  was  neutralizing  the  minority 
transit  charge  while  it  was  in  the  base,  is  dis¬ 
charged  as  the  minority  charge  is  swept  across 
the  depletion  region. 

We  derived  the  solution  for  continuous  charge 
between  the  plates  by  assuming  an  arbitrary 
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Figure  3:  Geometry  of  current  generator  prob¬ 
lem. 

free  charge  distribution  p(x,  T)  and  an  arbitrary 
velocity  distribution  V(x,T).  This  geometry  is 
shown  in  Figure  3.  The  current  generator  for 
any  time  T  is  of  the  form 


since  we  are  examining  periodic  behavior,  we 
have  access  to  the  entire  terminal  time-domain 
waveforms  from  the  coefficients  of  the  Fourier 
expansion.  This  will  provide  the  necessary  in¬ 
formation  to  implement  a  NQS  simulation  with¬ 
out  significant  changes  to  the  simulator.  The 
same  could  be  accomplished  in  a  waveform  bal¬ 
ance  simulation  in  the  sampled  time-domain. 

It  has  been  shown  [10]  that  motion  of  the 
space-charge  region  boundaries  generates  inter- 
modulation  products.  In  addition,  the  phase  of 
the  modulation  can  have  a  significant  effect  on 
fundamental  output. 

5  Quasi-Neutral  Regions 

The  quasi-neutral  minority  current  is  modeled 
using  drift  aided  diffusion  assuming  a  constant 
electric  field[9,  13].  The  solution  for  two  bound¬ 
aries  is 


~T  [  V(x)  p(x)  dx 

^/>>-  (6) 


*2  -  *1  Jx i 

xii2  ~  XiX2 

{x2  -  Xl}2 

*2  ~  Xl 

{x2  -  Xi}2  j 


r* 2 

/  x  p(x)  dx. 
Jx  1 


The  first  term  is  Ramo’s  theoremfll]  and  the 
other  two  terms  incorporate  the  effects  of  the 
moving  boundaries.  Note  that  we  get  one  term 
proportional  to  the  the  total  free  charge  in  the 
depletion  layer  and  another  proportional  to  the 
first  moment  of  the  free  charge.  Equation  6  is 
the  general  solution  for  the  moving  boundary 
current  generator. 

Equation  6  is  formulated  in  the  time  domain 
and  has  memory  since  the  instantaneous  col¬ 
lector  current  depends  on  the  terminal  condi¬ 
tions  for  a  backwards  interval  in  time(as  would 
be  expected  for  a  NQS  model).  Quasi-static 
models  only  depend  on  the  instantaneous  ter¬ 
minal  conditions  and  their  first  time  derivatives. 
In  a  time-domain  simulator,  implementation  of 
the  NQS  model  would  require  storage  of  the 
model  state  for  at  least  the  transit  time.  In  a 
frequency- domain  harmonic  balance  simulator, 


(  Ji  \  _  (  An  Ai2  \  (  mi  \ 

\  J2  )  sinh(C)W  y  A2i  A22  J  y  m2  J 

(7) 

where 


An  = 

Al2  = 
A2i  = 

^22  = 


+  coSh(0 

exp  (-77) 


exp  (77) 

+  cosh(C) 


(8) 

(9) 

(10) 

(11) 


and 


£  is  the  frequency  dependent  diffusion  length, 
W  is  the  width  of  the  region,  m  is  the  excess 
minority  density,  £  is  the  electric  field  (positive 
for  aiding  field),  and  J  is  the  resulting  current. 
This  is  easily  reduced  for  the  long  base  case. 
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Figure  4:  NQS  Class  C  Base  Edge  Currents 

Previous  NQS  models[5,  6,  7,  8,  9]  have  trun¬ 
cated  these  results  in  various  ways.  Since  this 
module  is  in  the  frequency  domain,  no  trim- 
cation  is  required.  Simulation  of  these  equa¬ 
tions  for  class  C  operation  yields  minority  cur¬ 
rents  as  shown  in  figure  4.  Note  that  as  minor¬ 
ity  currents  cross  neutral  regions  their  higher 
frequency  components  are  strongly  attenuated. 
Also  note  the  positive  diffusion  current  as  carri¬ 
ers  are  extracted  back  through  the  emitter  junc¬ 
tion. 

The  majority  current  is  considered  to  be 
purely  drift  and  is  modeled  in  the  time  do¬ 
main  using  a  lumped  non-linear  resistor  approx¬ 
imation.  The  resistance  is  calculated  from  the 
boundary  positions  and  from  the  distribution  of 
majority  current  (from  the  inverse  relation  be¬ 
tween  majority  and  minority  currents).  Thus 
we  obtain  the  voltages  VbB,  Vco  and  ^Ee- 
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Figure  5:  HBT  Structure  Parameters 


of  the  corresponding  collector  space-charge  re¬ 
gion  boundaries  are  shown  in  figures  7  and  8. 

The  output  characteristics  shown  in  figure  9 
taken  around  the  critical  current  of  3.2  mA 
clearly  show  the  “quasi-saturation”  distortion  of 
the  knee  between  forward  active  and  saturation. 
Figure  9  also  illustrates  a  slight  Early  effect,  re¬ 
verse  operation,  and  predicts  a  offset  voltage  of 
.13  volts. 
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6  Simulations 

The  model  has  been  integrated  into  a  non-linear 
simulator.  DC  simulations  were  performed  on 
a  typical  AlGaAs/GaAs  HBT  structure  shown 
in  figure  6.  A  round  number  of  105  m/s  for  the 
scattering  limited  velocity  and  an  emitter  stripe 
dimension  of  2  x  10  fim 2  were  used.  A  model 
evaluation  requires  <  10  ms  and  a  converged 
DC  solution  requires  «  200  ms  on  a  DecStation 
3100.  The  Gummel  plot  shown  in  figure  6  shows 
the  turnover  associated  with  resistive  effects  and 
the  current  gain  falloff  from  base  pushout.  Plots 
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Figure  7:  Base  edge  of  collector 
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Expansion  of  the  simulator  to  yield  RF  be¬ 
havior  is  in  progress.  This  involves  implement¬ 
ing  harmonic  and  waveform  balance  using  the 
same  non-linear  equation  solver. 


Vce  (volts) 

Figure  9:  Output  Characteristics 


7  Conclusions 

A  large-signed  non-quasi-static  model  of  a  bipo¬ 
lar  transistor  has  been  developed.  It  is  for¬ 
mulated  in  regional  modules  to  allow  moving 
boundaries  and  to  provide  clear  division  of 
charge  storage  and  transit  mechanisms.  Charge 
transit  is  simulated  in  the  frequency  domain  and 
the  space- charge  regions  are  simulated  in  the 
time  domain.  The  modules  are  easily  modified. 
This  modeling  strategy  will  allow  device  engi¬ 
neers  more  flexibility  them  conventional  circuit 
based  models. 

The  model  parameters  are  the  device  geom¬ 
etry  and  material  parameters  thus  providing 
both  predictive  capability  and  process  optimiza¬ 
tion  capability. 

Each  module  has  been  tested  in  isolation. 
The  NQS  nature  of  each  has  been  demonstrated. 
NQS  modeling  is  imperative  for  very  fast  non¬ 
linear  devices.  NQS  effects  include  delay,  har¬ 
monic  filtering  and  generation,  and  reverse  cur¬ 
rents. 

The  modules  have  been  integrated  into  a 
simulator  and  DC  simulations  have  been  per¬ 
formed.  The  DC  results  illustrate  behavior  such 
as  the  Kirk  Effect  that  previously  required  use 
of  numerical  simulators. 

The  NQS  modular  bipolar  model  is  an  ex¬ 
ample  of  an  alternative  approach  to  solid  state 
device  modeling  that  can  include  many  physical 
effects  not  contained  in  standard  circuit  models 
and  can  be  computationally  efficient.  The  NQS 
nature  of  the  modules  should  provide  more  ac¬ 
curate  simulations  and  ease  convergence  diffi¬ 
culties. 
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Abstract 

An  theoretical  study  has  been  made  of  electron  transport  over  a  wide  Al¬ 
GaAs  barrier  with  graded  interfaces  between  GaAs  contact  layers  doped  at 
lxl018cm-3.  Drift  Diffusion  theory  has  been  used  giving  excellent  agreement 
with  experimental  current  -  voltage  curves  over  the  temperature  range  100- 
200K.  We  also  present  a  fully  self  Consistent  1-D  Monte  Carlo  simulation  in 
which  the  change  in  alloy  composition  in  the  graded  interfaces  is  accounted 
for  by  position  dependent  scattering.  We  present  a  method  used  in  the  Monte 
Carlo  simulation  which  allowed  the  modelling  of  the  heavily  doped  contact 
regions  even  though  the  electron  density  could  change  by  up  to  8  orders  of 
magnitude  in  the  device. 

1  Introduction 

An  experimental  investigation  of  electron  transport  over  wide  AlGaAs  barriers,  which  is 
the  precursor  to  an  investigation  of  transport  over  quantum  wells,  has  been  made  [1].  In 
order  to  be  able  to  explain  the  results  of  both  these  systems  it  was  necessary  to  develop 
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suitable  models.  The  use  of  A  Drift  Diffusion  model,  which  is  discussed  briefly  here,  was 
in  excellent  agreement  with  the  experimental  results  at  low  bias.  However,  at  high  bias, 
the  drift  diffusion  results  differed  as  ballistic  effects  became  more  significant.  To  model  the 
transport  properties  of  the  device  at  high  fields  requires  the  use  of  a  Monte  Carlo  Simulation. 
With  the  Monte  Carlo  simulation  we  have  to  overcome  2  major  problems.  Firstly,  the  change 
in  Alloy  composition  means  the  electron  experiences  different  band  structure,  consequently 
different  scatter  rates  as  it  moves  through  the  structure.  Secondly,  the  presence  of  the 
barrier  causes  the  electron  density  in  the  device  to  change  by  many  orders  of  magnitude, 
consequently  nearly  all  of  the  simulated  particles  reside  in  the  contacts. 

In  this  paper  we  will  present  a  Monte  Carlo  method  which  incorporates  position  de¬ 
pendent  scattering  to  accommodate  the  change  in  alloy  composition.  Also,  we  introduce  a 
method  used  in  the  Monte  Carlo  which  allows  the  simulation  of  devices  where  the  number 
density  can  change  by  many  orders  of  magnitude  with  no  increase  in  computational  time. 


2  Sample  Structure 

The  samples  were  prepared  by  molecular  beam  epitaxy  (MBE)  on  <  100  >  -  orientated, 
heavily  Si-doped  (n+)  GaAs  substrates.  The  samples  were  grown  at  the  Defence  Research 

Agency  (DRA)  Malvern.  . 

A  1/im  n+  GaAs  layer  (lxl018cm“3)  was  deposited  on  the  substrate.  The  nomina  y 

undoped,  symmetrical,  AlGaAs  barrier  was  then  grown  in  three  stages  (a)  graded  layer 
with  x  increasing  from  0  to  0.25  over  500A,  (b)  central  Alo.25Gao.75As  region  with  a  sample 
dependent  width  between  700-2 100A,  (c)  second  graded  layer  with  x  decreasing  from  0.25 
to  0  over  500A.  Finally,  a  1/tm  n+  GaAs  layer  (lxl018cm~3)  was  deposited. 

The  materials  were  processed  into  mesas  using  standard  photolithograhic  techniques. 
The  mesas  were  round,  with  diameters  between  45-375/rm.  AuGeNi  contacts  were  deposited 
onto  both  the  bciso  and  the  top  of  the  mesa 


3  Drift  Diffusion  Model 

The  Drift  Diffusion  model  used  assumes  that  transport  is  collision  dominated  rather  than 
ballistic,  that  there  is  no  tunneling  and  that  the  electrons  are  always  completely  thermalised 
at  the  temperature  of  the  lattice.  These  assumptions  are  valid  at  low  electric  fields  in  the 

steady  state.  .  . 

Here,  a  steady-state,  one  dimensional,  self-consistent  Drift  Diffusion  model,  which  in¬ 
cludes  all  aspects  of  a  variable  composition  structure  [2]  [3],  is  solved  using  a  relaxation 
method  [4],  The  method  iteratively  improves  on  an  initial  guessed  solution  to  the  four 

coupled  linear  differential  equations, 
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(1) 


dJ_ 

dx 


=  0 


J(x)  —  —en(x)n(x) 


dip 

dx 


d4 

dx 


=  -E 


dE_ 

dx 


■^-(N(x)-n(x)) 


1 

«(*) 


(2) 

(3) 

(4) 


where  J  is  the  current  density,  /i  is  the  electron  mobility,  n(x)  is  the  electron  density,  ip 
is  the  Fermi  energy,  <p  is  the  electrostatic  potential,  E  is  the  external  electric  field,  e  is  the 
dielectric  constant  and  N  is  the-net  doping  density,  N  —  No  —  Na  where  Np  and  Na  are 
the  donor  and  acceptor  densities. 


4  Monte  Carlo  Simulation 


Monte  Carlo  simulation  is  a  method  of  solving  the  Boltzmann  Equation,  without  any  priori 
assumptions  of  the  form  of  the  electron  distributions.  It  is  possible  to  study  non-equilibrium 
effects  in  sub-micron  devices  in  regimes  where  the  Drift  Diffusion  model  breaks  down,  for 
example  at  high  fields  where  transport  is  increasingly  dominated  by  ballistic  effects.  The 
Monte  Carlo  technique  is  reviewed  in  Fawcett,  Boardman  and  Swain  (1970)  [5]. 

In  the  present  Monte  Carlo  we  use  a  spherical,  non-parabolic  3-band  approximation.  We 
include  acoustic  phonon,  polar  optic  phonon,  ionised  impurity,  inter  valley  and  alloy  scat¬ 
tering.  Material  parameters  have  been  taken  from  [6] .  Velocity^field  curves  for  AlxGai_xAs 
obtained  from  the  Monte  Carlo  were  in  good  agreement  with  experimental  results  [7]. 

An  outstanding  problem  in  Monte  Carlo  simulation  is  the  inability  to  include  heavily 
doped  contact  regions  in  the  simulation  of  devices  where  the  electron  density  in  some  regions 
can  be  many  orders  of  magnitude  less  than  in  the  contacts.  Traditionally  authors  have 
avoided  this  problem  by  using  suitable  boundary  conditions  to  mimic  the  action  of  the 
contacts  [8]  [9].  This  approximation  can,  in  certain  circumstances,  be  physically  incorrect 
[10]. 

Results  from  the  present  Drift  Diffusion  Model  (fig.  1)  show  that  at  low  bias  the  electron 
density  can  change  by  8  orders  of  magnitude.  This  means  that  the  number  of  simulated 
particles  in  the  low  density  region  will  be  negligible.  This  results  in  extremely  poor  statistics 
in  the  Monte  Carlo  resulting  in  impracticable  amounts  of  CPU  at  moderate  fields  and  failure 
at  low  fields. 
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Fig.  1  Electron  density  as  a  function  of  distance  across  the  structure.  Plots  are  shown  for 
applied  voltages,  from  bottom  to  top  at  x=1200A  of  0,100, 200, 400mV.  The  dashed  line  represents 
the  doping  profile. 

In  order  to  combat  this  problem  Philips  and  Price  [11]  developed  a  method  which  was 
used  by  Fischetti  et  al  [12]  and  Sangiori  et  al  [13]  in  the  simulation  of  the  MESFET.  The 
concept  is  shown  schematically  in  Fig.  2  The  low  density  region  is  assigned  an  enhancement 
factor,  v.  Every  particle  that  enters  the  region  is  replicated  v  times,  the  charge  on  each 
of  the  replicated  particles  being  reduced  by  the  same  factor  v.  The  main  difficulty  with 
this  technique  was  that  the  optimum  value  of  v  was  only  known  ”a  posteriori  .  Also  the 
changes  in  carrier  density  through  the  MESFET  were  moderate,  when  compared  to  those 
in  the  present  structure,  requiring  an  enhancement  factor  of  the  order  of  10. 


source  gate  drain 


source  gate  drain 


•  •q+(='Fq) 

Fig.  2  Pictorial  description  of  tire  multiplication  technique  (b)  described  in  the  text,  applied 
to  the  MESFET  structure  shown  in  (a)  [14] 
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Fig.  3  Schematic  Diagram  showing  position  of  the  points  of  enhancement  for  the  AlGaAs 
barrier.  Type  1  refers  to  particles  with  i v  times  the  charge  of  type  2  particles,  similarly  type  3  refer 
to  particle  with  charge  £  times  the  charge  of  type  2. 

4.1  Self  Adjusting  Super  Particle  Region 

In  the  simulation  of  the  AlGaAs  barriers  we  have  seen  that  the  change  in  electron  density 
can  be  8  orders  of  magnitude  necessitating  enhancement  factors  of  108.  Consequently  it  was 
necessary  to  extend  the  previous  method. 

From  Fig.  3  we  used  4  points  where  the  enhancement  occured,  called  Super  Particle 
Boundaries.  Thus  an  overall  enhancement  of  108  could  be  achieved  with  an  enhancement 
ratio  of  104  at  each  Super  Particle  Boundary.  With  such  large  enhancement  factors  the 
placement  of  these  Super  Particle  Boundaries  are  critical.  If  one  is  set  too  close  to  the  high 
density  region  the  number  of  particles  created  will  results  in  an  intractable  simulation. 

To  combat  this  problem  we  first  set  a  limit  on  the  number  of  simulated  particles.  If 
this  limit  is  exceeded  in  the  duration  of  the  simulation  the  Super  Particle  Boundaries  move 
to  reduce  the  total  number.  The  simulation  thus  finds  the  optimum  configuration  for  the 
Super  Particle  regions  resulting  in  an  equivalent  number  electrons  in  the  low  and  high  density 
regions.  This  final  configuration,  which  cannot  be  determined  a  priori,  is  not  only  dependent 
on  the  geoznetry  of  the  device  but  on  the  value  chosen  for  the  enhancement  factor. 
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4.2  Results  of  Variable  Super  Particle  Regions 

We  now  compare  standard  Monte  Carlo  with  the  new  Variable  Super  Particle  technique. 
We  chose  a  bias  such  that  the  change  in  number  density  is  not  too  great  for  the  standard 
Monte  Carlo.  We  have  chosen  a  enhancement  factor  of  100  for  the  Variable  Super  Particle 

Monte  Carlo. 


Fig.  6  **  7 


We  have  applied  a  Bias  of  0.6V  which  effectively  reduced  the  barrier  height  and  thus 
the  change  in  number  density  from  the  heavily  doped  contact  to  the  central  barrier  region 
is  reduced  (see  Fig.  4).  In  Fig.  5  we  can  see  the  electron  density  as  a  function  of  position 
throughout  the  device.  The  standard  Monte  Carlo  and  the  Variable  Super  Particle  Method 
are  in  good  agreement  though  the  fluctuations  on  the  standard  MC  are  significantly  higher. 
The  same  can  be  said  about  Fig.  6  the  plot  of  current  density  versus  time  through  the 
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device.  From  Fig.  7  we  can  see  that  the  number  of  type3  electron  in  the  central  barrier 
region  is  of  the  same  order  of  magnitude  as  the  number  of  typel  and  type2.  The  significance 
of  this  result  is  shown  if  we  reduce  the  applied  bias  thus  raising  the  effective  barrier  height. 
The  standard  Monte  Carlo  then  gives  a  zero  current  as  none  of  the  simulated  particles  are 
able  to  surmount  the  barrier  in  the  time  scale  of  the  simulation.  However,  we  have  the 
facility  to  increase  the  enhancement  factor  to  1000  effectively  allowing  changes  in  electron 
density  of  6  orders  of  magnitude  and  10,000  for  8  orders  of  magnitude.  In  principal  the 
Variable  Super  Particle  Monte  Carlo  can  cope  with  arbitrary  potential  profiles  which  give 
arbitra  electron  density  profiles  by  a  suitable  choice  of  the  enhancement  factor. 

In  a  homogeneous  system  when  using  Monte  Carlo  the  choice  of  scatter  process  chosen  for 
each  carrier  is  determined  by  its  energy  and  position  in  k-space.  Once  these  quantities  have 
been  determined  the  selection  of  scatter  process  is  chosen  randomly,  the  choice  weighted 
according  to  the  relative  probability  of  the  processes  occuring.  In  a  system  where  the 
alloy  concentration  changes  the  relative  probabilities  of  the  competing  scatter  mechanisms 
change  with  position.  Thus  in  the  present  Monte  Carlo  we  have  included  position  dependent 
scattering  where  the  individual  scatter  rates  have  been  calculated  for  discreet  values  of  the 
A1  concentration.  As  the  electron  moves  through  the  device  we  determine  the  scatter  process 
by  the  position  in  real  space  as  well  as  in  k-space  by  the  usual  Monte  Carlo  random  number 
selection. 


5  Comparison  With  Experimental  Results 

From  Figure  8  we  see  that  the  drift  diffusion  model  is  in  good  agreement  with  the  experi¬ 
mental  results  at  low  bias.  However,  at  higher  bias  the  assumption  of  the  electron  transport 
being  collision  dominated  breaks  down  as  ballistic  effects  become  increasingly  important. 
We  would  like  at  this  point  to  say  that  the  full  details  of  the  Drift  Diffusion  model  and  the 
experimental  results  can  be  found  in  Daniels  et  al  [1] 

As  we  can  see  in  Fig.  9  In  order  to  fit  the  I-V  current  at  low  bias  we  needed  to  reduce 
the  barrier  height  This  was  to  compensate  for  the  fact  that  the  Fermi  Energy  is  43meV  at 
density  lxlO18  in  GaAs  by  43mev.  This  resulted  in  an  over  estimation  of  the  current  at  high 
bias.  We  can  explain  this  discrepancy  by  considering  the  effects  of  using  classical  statistics 
in  Monte  Carlo. 

5.1  Inclusion  of  Degenerate  Satisfies 

From  Fig.  10  we  can  see  that  the  difference  in  energy  distribution  between  the  Degener¬ 
ate  and  Non-Degenerate  contact  will.be  significant  a  low  bias.  The  degenerate  electrons 
distribution,  having  a  higher  mean  energy,  will  effectively  see  a  lower  barrier.  With  the 
exponential  dependence  of  the  current  on  the  effective  barrier  height,  we  can  see  that  the 
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use  of  degenerate  statistics  will  give  a  greater  current  than  with  non-degenerate  statistics. 
We  suggest  that  the  necessity  of  reducing  the  barrier  height  by  40meV  to  fit  at  low  bias  will 
not  be  necessary  if  we  use  the  correct  statistics. 


-0  6  -0.4  -0.2  0.0  0.2  0.4  0.{ 

VOLTAGE  (V) 


Fig.  8  shows  the  comparison  of  the  Drift  Diffusion  model  to  the  experimental  results.  This  was 
for  a  central  Alo.25Gao.75  As  region  of  1400A  at  temperatures,  from  top  to  bottom,  of  200K,  180K, 
160K,140K,  120K  and  100K. 


JL.V 

BIAS  (Volts) 


Fig.  9  Comparison  Of  I-V  curve  at  200K  for  central  Alo.25Gao.75As  region  of  700A. 
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Fig.  10  Effect  of  exclusion  principle  in  electron  dynamics,  as  obtained  with  MC  calculation. 
Figure  shows  distribution  function  of  energy  in  GaAs  at  77K  with  an  applied  electric  Field  of 
90  V/cm.  [15] 


6  Conclusion  and  Future  Work 

We  have  present  a  new  method  which  allows  the  heavily  doped  contact  to  be  simulated 
in  Monte  Carlo.  We  have  also  allowed  for  the  change  in  alloy  concentration  by  including 
position  dependent  scattering.  The  discrepancy  between  Monte  Carlo  and  experimental 
results  is  believed  to  be  caused  by  incorrect  statistics  in  the  doped  contact  region.  In  future 
publications  this  will  be  corrected. 

We  will  also  be  looking  at  the  inclusion  of  quantum  wells  in  the  central  region.  Exper¬ 
imental  results  have  been  gained  on  such  systems  and  results  are  being  presented  at  the 
8th  International  Conference  on  Hot  Carriers  in  Semi-conductors.  August  1993,  Oxford, 
England.  We  will  attempt  to  model  the  trapping  of  thermally  excited  electrons  both  on  the 
Drift  Diffusion  and  Monte  Carlo  simulation.  We  would  also  like  to  look  at  the  effects  of 
sequential  tunneling  in  the  central  region  where  many  wells  are  present. 
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Abstract 

We  report  a  simulation  study  of  RF  oscillator  noise  including  1/ /  noise  and  in¬ 
complete  activation  in  diamond  and  silicon  carbide  MESFETs  oscillating  in  resonant 
circuits  that  maximize  power  at  the  load. 

1  Introduction 

We  have  developed  a  new  system  to  predict  RF  power  and  noise  performance  in  MESFET 
oscillators  by  combining  a  large-signal  circuit  simulator,  a  two-dimensional  semiconductor 
device  model,  a  microwave  oscillator  design  procedure,  and  a  general  theory  of  oscillator 

noise. 

The  NCSU  large-signal  MESFET  model  uses  harmonic  balance  to  simulate  the  interaction 
between  a  linear  circuit  including  parasitics  and  an  active  nonlinear  device  represented  as  a 
table  of  quasi-static  capacitances,  currents,  and  delays  for  relevant  biasesfl]. 

The  resulting  large-signal  simulation  is  used  to  determine  an  oscillator  circuit  using  con¬ 
ventional  techniques.  A  maximum  output  optimal  resonant  filter  of  a  simple  fixed  shunt 
topology  is  calculated  from  large-signal  RF  simulations [2]. 

The  complete  oscillator  circuit  is  characterized  with  additional  RF  large-signal  simu¬ 
lations  and  the  effects  of  broadband  additive  noise  and  1//  gate  noise  on  the  oscillator 
amplitude  are  calculated [5].  The  resulting  noise  spectra  for  amplitude  SA  and  phase  S *  are 
then  compared  for  diamond  and  SiC. 

This  report  is  presented  as  a  first  step  toward  a  practical  method  for  noise  simulation 
suitable  for  computer  aided  design  of  microwave  oscillator  circuits  using  diamond  or  SiC 
MESFETs. 
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2  Oscillator  Noise  Theory 

In  this  section,  the  general  theory  of  oscillator  noise  due  to  Riddle  will  be  reviewed[5,  6,  7]. 
The  resulting  relation  among  input  noise,  transfer,  and  tapped  output  will  be  used  to  obtain 
an  expression  for  output  noise  spectra  in  terms  of  input  noise  sources. 

The  general  theory  is  formulated  in  terms  of  the  dimensionless  inverted  transfer  function 
D .  Negative  resistance,  negative  conductance,  feedback,  and  reflection  oscillators  can  all  be 
realated  to  D.  D  describes  the  circuit  at  the  large  signal  operating  point.  The  equation 

n  =  DA  (1) 


relates  the  circuit  noise  to  the  output  signal  through  D.  This  approach  is  taken  becasue 
it  easily  handles  all  oscillator  configurations  and  can  account  for  additve  and  upconverted 
noise[5].  It  describes  how  the  output  signal  is  balanced  by  the  large  gain  of  the  circuit  and 
the  finite  input  noise  power. 

The  inverse  transfer  function  D  =  U  4-  jV  is  written  in  terms  of  its  real  and  imaginary 
parts,  which  are  expanded  in  a  Taylor  series, 

cidU  .CAdV  _  dU  ,  ..  dV  ,  .  du  ,  ..  dV  .. 

D  =  Vo  +  SA—  +  jSA-gj  +  6^+  (2) 

where  jV0  is  omitted  because  the  net  phase  shift  around  loop  vanishes.  The  quantities 

SA  =  A-A0 

8<jj  =  <j)  —  u)0  =  u)m  (3) 

Se  =  e  —  e0, 

are  small  deviations  around  the  mean  operating  conditions  Ao,  ,  eo  f°r  the  oscillator.  All 
partials  are  evaluated  at  the  mean  operating  conditions.  In  this  theory  the  oscillator  poles  do 
not  He  on  the  ju  axis.  Previous  theories  encountered  sigularities  because  of  the  assumption 
of  ju>  poles[3].  The  finite  noise  power  in  the  oscillator,  n2,  leads  to  a  finite  loop  gain,  1/U0, 
and  a  finite  output  power  given  by  A\  =  n 7(f/02)  If  n  were  zero  then  infinite  gain  would  be 
required  to  give  a  finite  output  power  —  the  jw  axis  poles  would  produce  infinite  gain.  The 
finite  loop  gain  aHows  the  ju)  poles  to  be  shghtly  to  the  left  of  the  jco  axis.  An  intersting 
imphcation  of  the  interaction  between  nonfinearities,  loop  gain  and  noise  in  the  osciHator  is 
that  the  oscillator  poles  become  statistical  variables. 

Additive  input  is  modeled  as 

n  =  (ni  +  jnq)ejuot.  (4) 

The  oscillator  output  is  modeled  as  pure  carrier  A0  with  small  perturbations  in  ampBtude 
and  phase 

A(t)  =  A0(l  +  m)cos(u)0t  +  /?)  (5) 


A0(l  +  m  +  j/3)eJta,0< 
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where  m0cosu)mt  is  amplitude  modulation  and  /30cos  ivmt  is  phase  modulation. 

Equations  1  and  2  together  with  the  expressions  for  n  and  A  can  be  used  to  obtain 
in-phase  part  of  n 

(7) 

and  the  quadrature  part  of  n 
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Equation  1  is  split  into  Equations  7  and  8  so  that  amplitude  and  phase  modulations  can 
be  obtained  directly.  Equations  7  and  8  involve  stochastic  variables  for  additive  noise  n  = 
ni  +  jnq,  modulation  m  +  j/3,  and  low  frequency  perturbation  6e,  as  well  as  deterministic 
coefficients  for  the  means  A0,u>0,e 0,  and  the  partials  of  U,V  with  respect  to  A,u;,e  which 
are  certain. 

Equations  7  and  8  can  be  solved  for  m,  the  amplitude  modulation,  and  /?,  the  phase 
modulation,  in  terms  of  Tii,nq,  and  6e.  From  the  resulting  expression  together  with  the 
statistics  of  Tii,nq ,  and  6e,  the  phase  amplitude  noise  spectral  densities 


Wm)  =  (9) 

S A^fm )  =  rri2 


can  be  obtained  for  the  oscillator  at  offset  /m  from  the  carrier.  Here  the  overline  indicates 
expectation  including  correlations  between  n,-  and  nq  if  the  additive  noise  is  not  white,  as 
well  as  correlations  with  Se.  Even  though  the  theory  is  general,  this  paper  will  address  the 
case  of  noise  for  which  correlations  other  than  n2  and  e2  are  insignificant. 

Given  many  assumptions  this  theory  reduces  to  a  simple  and  familiar  model  for  oscillator 
noise.  The  device  noise  changes  the  device  phase  through  small  changes  in  the  device  bias 
(this  is  the  dV/de  term  and  the  result  is  phase  noise).  The  nearness  of  the  poles  to  the  ju> 
axis  then  accounts  for  the  high  noise  gain  and  the  1/ f 2  response  in  the  phase  noise.  The 
complete  theory  is  required  to  account  for  the  affects  of  amplitude  saturation  and  the  inter¬ 
action  of  device  and  circuit  load  lines  on  the  output  noise.  These  load  lines  were  often  shown 
graphically  in  earlier  theories[3]. 

For  a  feedback  oscillator  D  =  1  —  KH  with  amplification  K  and  filter  H ,  but  at  microwave 
frequencies,  it  is  convenient  to  characterize  the  two-port  active  GaAs  MESFET  device  with 
large-signal  S  parameters  and  the  passive  two-port  resonant  filter  subcircuit  including  the 
load  with  S.  Then 


D  —  1  —  §21821  ~  ‘S'ii‘S'22  —  §n§i2§2i§22 
—  2§ii§22  ~  S11S12S21S22 
~  §11§12§12§21§21§22  T  25'iii?ii5,22<^22 
+  S211Si2§2lS22S22  +  S2uS22 

+  §11§11§12§21§22  ~~  ^ll  ^ll  *^22  S22 
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Parameter 

units 

Diamond 

SiC 

a 

fim 

0.15 

0.2 

Doping 

10 17cm~3 

4.0 

1.3 

V  sat 

10  6cm/sec 

8.6 

8.7 

cm2 1  sec 

85 

99 

Eactivation 

eV 

0.37 

0.18 

€ r 

5.7 

10.0 

Table  1:  Parameters  used  in  simulation  of  p-type  diamond  and  n-type  SiC  MESFETs  at  500 
C. 

The  device  parameters  S  depend  most  strongly  on  bias  and  amplitude.  The  resonant  filter 
is  linear  so  that  the  filter  parameters  S  depend  only  on  u>. 


3  Oscillator  Noise  for  Diamond  and  SiC 

Each  device  was  characterized  by  tables  of  currents  and  capacitances  determined  by  DC  and 
low  frequency  simulations  with  Pisces-IIB,  which  treats  incomplete  carrier  activation  and 
other  thermal  effects  in  the  channel  and  at  the  metal  contacts,  as  well  as  detailed  device 
geometry[4]  as  shown  in  Table  1  for  T  —  500  C,  Lg  —  0.5  fim,  Lgs  =  Lgd  =  1  fim  and 
W  =  1000  fim.  The  resulting  IV  curves  are  shown  in  Figures  1  and  2. 

Inspection  of  the  DC  IV  curves  provides  biases  for  for  subsequent  RF  simulations,  the 
p-type  diamond  device  was  biased  at  Vg,  =  10  V  and  Vj,  =  —50  V  and  and  the  n-type  SiC 
device  was  biased  at  Vga  =  —  3  V  and  Vd,  =  50  V . 

Harmonic  balance  was  used  obtain  the  MESFET  S  parameters  by  simultaneously  solving 
the  preceding  DC  device  representation  with  typical  values  for  parasitic  elements  for  500H 
load  and  source.  The  MESFETs  were  simulated  at  4  GHz  with  harmonics  at  8  GHz  and 
12  GHz  over  a  range  of  input  powers.  The  diamond  circuit  oscillates  at  24  dBm  and  the 
SiC  circuit  at  18  dBm.  The  amplitude  of  oscillation  was  adjusted  to  maximize  added  power 
produced  by  each  device  and  the  S  parameters  and  their  partial  derivatives  with  respect  to 
frequency,  power,  and  gate  bias  were  estimated  at  those  maxima.  The  results  are  shown  in 
Figures  3  and  4.  These  two  devices  differ  in  doping  and  channel  depth.  For  these  material  and 
circuit  parameters,  the  diamond  device  has  lower  gain,  but  higher  output  power,  Pout,  and 
power  added  efficiency,  PAE.  For  MESFETs  with  equal  geometry  and  doping,  SiC  exhibits 
substantially  higher  Pout. 

For  each  device,  a  resonant  filter  was  designed  (as  a  convenient  example)  to  maximize 
power  delivered  to  the  load  (rather  than  to  minimize  oscillator  noise)  using  a  conventional 
technique [2]  for  the  shunt  topology  of  Figure  5.  The  5  parameters  and  their  partial  deriva¬ 
tives  with  respect  to  frequency  were  calculated  for  the  optimal  filters. 

The  partial  derivatives  for  filter  and  device  were  combined  to  compute  the  partial  deriva¬ 
tives  of  Equation  2  using  Equation  10.  The  resulting  partials  were  used  to  evaluate  the 
expressions  for  noise  spectra  in  Equation  9. 
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Pout  (dB),  Gain  (dB),  PAE  (\%>  Pout  (dB),  Gain  (dB),  PAE  <\%} 


Pout,  Gain,  PAE 


Figure  3:  RF  performance  of  Diamond  MESFET. 


Pout,  Gain,  PAE 


Figure  4:  RF  performance  of  SiC  MESFET. 
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Figure  5:  Topology  of  resonant  circuit. 


The  results  are  plotted  in  Figures  6  and  7  for  additive  noise  amplitude  1.0  X  10  9  Vj \/TTz 
and  modulation  noise  amplitude  proportional  to  1//  for  small  offset  and  equal  to  1.0  X 
10-9  V/V~Hz  above  the  corner  frequency  1.0  x  10+7  Hz.  Until  data  exists  to  determine  the 
statistics  of  the  noise  sources  for  SiC  or  diamond  MESFETs,  we  use  identical  values  for  both 
materials.  Simulation  results  are  shown  for  4  GHz  at  500  C.  The  noise  spectral  power  curves 
were  calculated  with  the  same  additive  and  modulative  input  noise  statistics  but  near  the 
carrier,  both  S $  and  SA  are  about  3  dB  lower  for  the  diamond  device. 


4  Conclusion 

A  general  procedure  for  oscillator  noise  simulation  has  been  presented.  The  general  theory 
was  used  to  implement  a  noise  simulator  for  MESFET  oscillators  by  integrating  a  physics- 
based  RF  simulation  of  the  active  device  with  conventional  oscillator  design  techniques. 

Electrical  characteristics  of  the  active  devices  were  simulated  with  a  large-signal  MESFET 
model  which  combines  the  physics  of  the  FET  channel  with  harmonic  balance  to  predict 
large-signal  RF  performance.  The  resonant  circuit  is  determined  with  conventional  oscillator 
design  techniques  to  maximize  power  at  the  load  in  a  simple  shunt  topology.  The  inverse 
transfer  function  D  is  computed  at  four  neighboring  operating  points  to  estimate  partial 
derivatives  of  D  with  respect  to  frequency,  power,  and  gate  bias.  These  three  partials  are 
used  to  predict  noise  due  to  upconversion  of  baseband  noise  and  to  crossconversion  of  inband 
noise. 
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Amplitude  S  (dBc/Hz) 


Figure  6:  Amplitude  noise  spectra. 
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ABSTRACT 

Thermal  runaway  study  of  multiple 
emitter  AIGaAs/GaAs  power  HBTs  using  an 
analytical  electro-thermal  model  is  described. 
Thermal  runaway  causes  the  fatal  destruction 
of  the  device  under  the  voltage  modulation 
mode  of  operation,  and  thermally-induced 
current  instability  of  the  device  under  the 
current  modulation  mode  of  operation.  The 
kinetic  relation  between  the  thermal  runaway 
and  junction  temperature  rise  is  studied.  The 
HBT  power  handling  capabilities  in  relation 
to  the  device  thermal  resistance  and 
ballasting  schemes  are  discussed. 

I.  INTRODUCTION 

Because  of  carrier  confinement  in  the 
base,  heterojunction  bipolar  transistors 
(HBTs)  are  capable  of  delivering  high  power 
at  high  frequencies.  As  the  material  and 
process  techniques  become  mature, 
microwave  power  performance  of 
AIGaAs/GaAs  HBTs  is  being  realized.  The 
poor  GaAs  substrate  thermal  conductivity 
hinders  the  power  performance  of  HBTs;  as 
a  result,  they  are  unable  to  reach  their 
ultimate  limit  as  determined  by  the 
electronic  properties  of  the  device  materials. 

There  are  three  thermal  effects  that 
cause  AIGaAs/GaAs  HBT  to  cease  its 
transistor  function.  The  first  is  the 
temperature  dependency  of  current  gain. 
The  current  gain  of  HBTs  above  room 


temperature  is  known  to  decrease 
monotonically  with  temperature.  The  HBT 
loses  its  current  amplification  function  as  the 
junction  temperature  reaches  a  "cut-off 
temperature,"  at  which  the  current  gain  is 
unity.  Depending  on  the  device  structure 
and  fabrication,  the  cut-off  temperature  is 
varied  and  is  usually  larger  than  500°K.  The 
second  thermal  effect  is  second  breakdown, 
a  well  known  phenomenon  in  Si  bipolar 
transistors  under  high  power  operation.  It 
occurs  when  the  device  temperature  reaches 
a  semiconductor  intrinsic  temperature  at 
which  the  electric  properties  are  dominated 
by  the  thermally-induced  intrinsic  carriers. 
As  a  result,  the  reverse  biased  base -collector 
junction  loses  the  rectification  function,  and 
the  collector  current  exhibits  a  rapid  increase 
while  collector-emitter  voltage  shows  a  rapid 
decrease.  Since  the  intrinsic  temperature  of 
AIGaAs/GaAs  is  high  (greater  than  600  °K 
in  the  collector,  and  much  higher  in  the 
base),  the  second  breakdown  may  not  be  a 
thermal  problem.  The  third  one  is  the 
thermal  runaway.  This  thermal  effect 
usually  occurs  at  a  temperature  lower  than 
the  other  two,  and  it  is  the  primary  reason 
for  limiting  the  power  performance  of  the 
devices. 

Thermal  runaway  originates  from  the 
fact  that  the  turn-on  voltage  of  base-emitter 
junction  has  a  negative  temperature 
coefficient.  In  this  work,  we  studied  the 
thermal  runaway  phenomenon  of  multiple 
emitter  AIGaAs/GaAs  power  HBTs  using  an 
analytical  electro-thermal  model.  It  will  be 
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shown  that  thermal  runaway  behavior  is 
dependent  on  the  bias  scheme.  For  the 
voltage  modulation  mode,  i.e.,  maintaining  a 
constant  base-emitter  voltage  bias  while 
increasing  the  collector-emitter  voltage,  the 
thermal  runaway  destroys  the  device  due  to 
a  large  increase  in  the  junction  temperature. 
For  the  current  modulation  mode,  i.e., 
maintaining  a  constant  base  current  bias 
while  increasing  the  collector-emitter 
voltage,  the  thermal  runaway  causes  the 
thermally-induced  current  instability  and 
formation  of  hot  spots.  This  study  also 
shows  that  thermal  runaway  is  triggered 
when  the  junction  temperature  rise  reaches  a 
certain  threshold  value.  This  junction 
temperature  rise  threshold  depends  on  the 
device  electrical  and  thermal  parameters 
such  as  the  base  current  ideality  factors, 
magnitude  of  the  negative  temperature 
coefficient  of  the  base-emitter  tum-on 
voltage,  ballast  resistance,  and  the  self- 
induced  and  coupled  thermal  resistances. 
Finally,  the  methods  to  increase  the  power 
performance  of  HBTs  through  various 
thermal  designs  are  summarized.  These 
methods  include  the  incorporation  of  ballast 
resistance  (electrically  and  thermally)  and 
reduction  of  the  substrate  thermal  resistance. 


II.  THEORY 

Based  on  the  experimental  [1,2]  and 
calculated  results  of  HBT  base  current 
density  Jb,  including  the  effect  of  emitter 
ballast  resistance,  a  simplified  analytical 
expression  for  Jb  is  given  by: 

n.-(P+iytP,+*(r-r0) 

m  -  jk  e  ■**  ( 

where  P  is  the  current  gain,  pe  is  the  specific 
emitter  resistance  in  O-cm2,  k  is  Boltzmann’s 
constant,  T  and  T0  are  the  junction  and  heat 
sink  temperatures,  respectively,  nb  is  the 


ideality  factor  for  Jb  at  heat  sink  temperature, 
and  1,0  is  a  pre-exponential  factor.  In  this 
expression,  the  parameters  J^,  nb  and  8 
depend  on  the  current  density,  structure 
parameters  and  material  constants  including 
those  describing  bulk  and  surface  properties 
such  as  effective  density  of  states  in 
conduction  and  valence  bands,  minority 
carrier  life  time,  density  of  the  Shockley- 
Reed-Hall  centers,  surface  recombination 
velocity,  etc.  All  of  these  are  involved  in 
the  detailed  current  calculation.  For 
simplicity,  we  neglect  the  slight  temperature 
dependence  of  nb. 

As  the  junction  temperature  increases, 
the  charge  carriers  in  the  base  are  less 
confined  by  the  valence  band  discontinuity 
at  the  emitter-base  junction,  and 
consequently,  the  emitter  injection  efficiency 
and  current  gain  decrease  [3].  The 
temperature  dependence  of  current  gain  can 
be  expressed  by: 

pm  -  <2) 

where  AE  is  the  activation  energy,  also 
referred  to  as  the  "apparent"  valence  band 
discontinuity  [4],  and  |30  is  a  pre¬ 
exponential  factor.  The  parameters  of  p0 
and  AE  depends  on  the  device  structure 
parameters  and  current  density.  The  typical 
experimental  value  of  AE  is  in  the  range  of 
0.04  to  0.07  eV  [2].  The  dissipation  heat 
density  of  the  device  can  be  approximated 
by: 

p(T)  =  HnJt(T)V„  0) 

where  Vce  is  the  collector-emitter  voltage. 

A.  One  Emitter  Element  Case: 

We  first  analyze  a  device  with  one 
emitter  finger  (one  emitter  element  with  unit 
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area)  fabricated  on  a  GaAs  substrate.  All 
heat  is  assumed  to  dissipate  through  the 
substrate,  causing  a  uniform  junction 
temperature  rise  of  AT  =  r^,  where  p  is  the 
dissipation  heat  density  and  r^  is  the  specific 
thermal  resistance  between  the  active  device 
and  the  heat  sink. 

A.l.  Voltage  Modulation  Mode: 

The  dependence  of  p  on  Vce  for  a  given 
can  be  obtained  by  solving  the  following 
nonlinear  equation: 


-a 

C0  =  lnft>)  ♦ 

*  ce 


a 

To+rthP 
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values  correspond  to  the  collector  current 
densities  of  1,  2  and  3xl04  A/cm2  when  the 
junction  temperature  is  the  same  as  that  of 
the  heat  sink.  There  are  four  noted  features 
in  this  figure:  (i)  The  junction  temperature 
rise  goes  to  infinity  as  Vce  approaches  Vcernax. 
Forcing  the  device  to  operate  beyond  this 
bias  will  destroy  the  device,  (ii)  For  a  given 
V^,  as  the  ballast  resistance  increases  so 
does  Vce>max.  The  common  practice  of 
implementing  a  ballast  resistance  to  reduce 
the  current  mode  thermal  runaway  problem 
was  thus  verified  [5].  Assuming  P_1exp[- 
a/(T0+AT)]  «  1  in  (4),  a  further  analysis 
shows  that  the  device  can  be  made 
unconditionally  thermally  stable  with  a  value 
of  pe  larger  than  8rUlVce.  (iii)  For  a  zero 
ballast  resistance,  ATmax  is  a  constant 
regardless  of  the  value  of  (though  Vce>max 
increases  as  V*  increases),  (iv)  For  a  finite 
ballast  resistance,  both  ATmax  and  Vce>max 
increases  with  V^.  This  implies  that 
operating  a  device  with  a  nonzero  ballast 
resistance  at  high  current  and  low  voltage 
has  a  larger  safety  operation  range  than 
those  operating  at  low  current  and  high 
voltage.  Similar  conclusions  were  reached 
in  Si  power  transistors  [6]. 


The  existence  of  an  upper  bound  of  Vce  for 
a  real  solution  of  p  in  (4)  can  be  deduced. 
This  upper  bound,  denoted  as  Vce>max 
corresponds  to  a  bias  point  where  the  value 
of  dAT/dVce  goes  to  infinity,  which  is  the 
onset  of  thermal  runaway  condition.  The 
junction  temperature  rise  at  Vcejnax  is  denoted 
as  ATmax,  and  is  an  indicator  of  power 
handling  capability.  The  larger  the  ATmax  is, 
the  more  power  a  device  can  handle  before 
the  thermal  runaway  takes  place. 

With  the  parameters  of  nb  =  2,  AE  = 
0.07  eV,  6  =  1.57  meV/K,  and  T0  =  300  °K, 
AT  as  a  function  of  Vce  with  and  the 
ballast  resistance  as  variable  parameters  is 
shown  in  Fig.  1.  The  three  applied 


The  maximum  value  of  the  real 
solution  of  p  in  (4)  can  be  solved  by 
analyzing  the  differential  dAT/dVce,  and  the 
corresponding  ATmax  can  be  obtained  by 
solving  the  following  equation  numerically: 

_J_  -  b  +  - £ -  +  bey  =  0 

(VA7*a*)2 

(5) 

where  y  =  dJ^AT)  at  AT  =  ATmax  and  Je  = 
(  P+l)Jb  is  the  emitter  current  density.  With 
5  =  1.57  mV/K,  (3(T0)  =  50  and  the  applied 
Vt*.  giving  a  zero-junction-temperature-rise 
collector  current  density  of  2xl04  A/cm2, 
Fig.  2  shows  the  ATmax  as  a  function  of  b  (= 
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q8/nbkT0)  with  AE  and  pe  as  parameters. 
ATmax  is  a  characteristic  quantity  associated 
with  the  onset  of  thermal  runaway  and  the 
device  power  handling  capability  under  the 
voltage  modulation  mode.  It  can  be 
increased  by  decreasing  b  (resulting  from  a 
combination  of  higher  nb,  or  lowering  8), 
and  increasing  AE  and  pe. 

A.2.  Current  Modulation  Mode: 
When  the  device  is  under  the  current 
modulation  mode  of  operation,  the 
dependence  of  p  on  Vce  and  the  applied 
constant  base  current  Ib,  is  given  by  the 
following  expression: 


Co  =  In  (p)  +  Ml+Po^  W]y-(6) 

* ce 

a 

To +rtiP 

Co  -  In  (P 


emitter  elements,  respectively,  the 
corresponding  temperature  rises  at  the 
junctions  are: 

A^i  =  ruP\+riJ>2  (7) 

A^2  =  r2^\+r22P2 

where  rn  and  r22  are  the  thermal  resistance 
due  to  self-induced  temperature  rise  at 
element  1  and  2,  respectively,  %  and  r21  are 
the  coupled  thermal  resistances  between  the 
two  elements.  In  general,  ry  is  the  coupled 
thermal  resistance  characterizing  the 
temperature  increase  at  the  i-th  element  due 
to  the  unit  power  density  applied  at  the  j-th 
element. 

B.l.  Voltage  Modulation  Mode:  It 
can  be  shown  that  the  thermal  runaway  of 
the  device  with  two  emitter  elements 
behaves  the  same  as  those  discussed  in 
section  A.l  for  the  device  with  single  emitter 
element.  Namely,  dAT12/dVce  «  as  a 
result  of  thermal  runaway. 


Vce  in  (6)  can  be  proved  to  have  no  upper 
bound  for  a  real  solution  of  p.  Therefore,  a 
single  emitter  device  is  unconditionally 
thermally  stable  under  the  current 
modulation  operation.  This  result  is  valid 
only  when  the  electro-thermal  model 
described  by  equations  (l)-(3)  is  applicable. 
Apparently,  the  conclusion  drawn  here  is  no 
longer  supported,  if  the  temperature  in  the 
device  exceeds  the  semiconductor  intrinsic 
temperature,  where  the  transistor  action 
ceases. 

B.  Two  Emitter  Element  Case: 


B.2.  Current  Modulation  Mode: 

When  a  device  with  two  emitter  elements  is 
operated  under  the  current  modulation  mode, 
the  coupled  nonlinear  equations  for  p,  and  p2 
as  functions  of  Vce  and  the  applied  base 
current  Ib  are  given  by: 


Infrj)  =  Cq  + 


To+rnPy+ri2P2 


-ln[l  +el*rvp2+r2lPi  ruPi~ruPd+*KVci 


1 n(P2)  =  Co  + 


a 


To+r2yP  l+r2#2 


_ln[l  +£^r*^’1+ru^2  r2lPl ~rvPl)  +bciJ'2 '^ej) j 


In  this  case,  the  device  is  assumed  to 
consist  of  two  emitter  fingers  with  each 
having  an  unit  area  (two  emitter  elements). 
The  junction  temperature  is  assumed  to  be 
constant  for  each  emitter  element.  If  pt  and 
p2  represent  the  heat  dissipation  by  the  two 


Co  -  In  (P0FC/*) 

(8) 

Using  a  symmetric  case  in  which  rn  =  r22  = 
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rs  =  2.2xl0'4  K-cm2/W,  r12  =  r21  =  rc  and  pe 
=  0  for  discussion,  the  trajectory  of  solutions 
on  p,-p2  plan  are  shown  in  Fig.  3  for  three 
different  values  of  rc.  For  the  case  of  rc  =  0, 
the  solution  trajectory  contains  two  branches. 
One  is  the  straight  line  a,  and  the  other  is 
the  arc  c.  For  the  case  of  rc  =  1.1  xlO'4  K- 
cm2/W,  the  solution  trajectory  contains  the 
same  straight  line  a  and  the  other  quarter- 
circle-like  branch  b.  For  the  case  of  rc  =  rs, 
only  the  straight  line  a  is  contained  in  the 
solution  trajectory.  It  is  not  surprising  to 
have  the  symmetric  solutions  for  pt  and  p2 
for  all  the  different  rc  cases,  since  the  two 
emitter  elements  are  symmetric.  The 
interesting  feature  is  the  quarter-circle-like 
branch  which  also  appears  as  the  solutions 
for  the  case  of  rc  <  rs.  The  physical  situation 
of  this  feature  is  described  as  follows. 
When  Vce  is  small,  pt  and  p2  are  small  and 
equal  to  each  other.  As  Vce  increases,  p!  and 
p2  increase  and  remain  equal  to  each  other, 
until  reaching  a  break  point  P  (see  Fig.  4), 
beyond  which  either  p,  continue  to  increase 
while  p2  decreases,  or  vice  versa.  This  is  the 
phenomenon  of  current  instability,  in  which 
one  element  conducts  most  of  the  total 
current  while  the  other  becomes  nearly 
inactive.  It  is  one  form  of  thermal  runaway. 
It  is  different  from  the  previous  case  of 
constant  operation,  in  which  both 
elements  conduct  the  same  amount  of 
current  and  show  thermal  runaway 
simultaneously. 

Similar  to  ATmax  in  the  voltage 
modulation  case,  the  threshold  temperature 
rise  AT^  at  the  break  point  is  the 
characteristic  quantity  associated  with  the 
thermal  runaway  of  the  device  under  the 
current  modulation  mode.  Again,  we  use  the 
same  symmetric  device  example  to  illustrate 
the  determination  of  ATlhrd.  With  a  small 
perturbation  of  the  power  density  away  from 
the  break  point,  the  threshold  power  density 
p^d  for  the  current  instability  occurrence  can 


be  calculated.  The  corresponding  junction 
temperature  rise,  AT^  =  (X+rJp^  can  be 
calculated  from  the  following  equation: 

- — - »f)'cy=0  (9) 

Ar.w  (VAr«)2 

where 


and  y  =  0Je,/0(AT])  =  0Je2/3(AT2)  at 
AT1=AT2=ATthrd,  where  Jel  and  Je2  are  the 
emitter  current  densities  flowing  into 
corresponding  emitter  elements.  It  is 
interesting  to  note  that  (10)  has  exactly  the 
same  form  as  (5)  with  the  transformation  of 
the  coefficients  a  and  b  into  a’  and  b’. 
Besides  rs  and  rc,  the  discussion  of  the 
dependence  of  ATmax  on  the  parameters  b, 
AE,  pe,  5  and  the  operating  current  density 
in  Section  A.l  is  also  applicable  to  ATthrd. 
As  long  as  rs  and  rc  are  known,  the  threshold 
junction  temperature  rise  can  be  obtained 
using  the  graphical  results  shown  in  Fig.  3. 
It  can  be  shown  that  rc  is  always  smaller 
than  rs,  and  rs  remains  nearly  constant  while 
rc  decreases  rapidly  as  the  separation 
between  the  two  emitter  elements  increases. 
For  the  case  of  two  nearly  thermally  isolated 
elements  (e.g.,  due  to  a  large  separation 
between  elements),  thermal  runaway  does 
occur  in  the  current  modulation  mode.  As 
the  thermal  coupling  becomes  larger,  (e.g., 
through  reducing  the  separation  between 
elements,  and  rc  approaches  rs),  ATlhrd 
becomes  larger.  When  rc  =  rs,  the  emitter 
elements  are  completely  thermally  coupled, 
and  the  AT^  is  infinity,  which  is  essentially 
the  same  as  the  case  of  a  single  emitter 
element  described  in  the  previous  section 
and  the  results  shown  in  Fig.  3,  where  the 
solution  trajectory  for  rc  =  rs  case  contains 
no  quarter-circle-like  branch. 
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C.  Multi-Emitter  Case: 

In  this  section,  only  the  thermal 
runaway  under  the  current  modulation  mode 
of  operation  is  discussed.  The  emitter 
fingers  on  the  conventional  HBT  chip  were 
treated  in  the  calculation  as  a  composition  of 
a  number  of  small  unit  elements.  In  each 
unit  element,  the  junction  temperature  is 
assumed  to  be  constant.  Assuming  that  the 
bottom  surface  is  kept  at  the  heatsink 
temperature  T0,  the  power  density  of  the 
emitter  is  given  by  (3),  and  the  remaining 
surface  are  adiabatic,  the  temperature 
distribution  on  the  surface  of  the 
semiconductor  chip  is  calculated  by  solving 
the  3-D  heat  transfer  equation.  An  iterative 
numerical  scheme  used  to  obtain  a  self- 
consistent  solution  of  the  temperature  and 
current  distributions,  and  the  common- 
emitter  mode  I-V  characteristics  in  the  linear 
region  are  described  in  detail  in  reference 
[7]. 

A  schematic  drawing  of  an  HBT 
device  with  an  array  of  5x3  emitter  elements 
is  shown  in  Fig.  4.  Each  emitter  element 
has  an  area  of  2x2  pm2.  The  separations 
between  elements  are  6  and  10  pm  in  the  x- 
and  y-directions,  respectively.  With  the 
parameters  of  nb  =  3,  8  =  1.57  mV/K,  P(T0) 
=  50,  AE  =  0.07  eV  and  pe  =  0,  the  I-V 
characteristics  in  the  linear  region  are 
calculated  and  shown  in  Fig.  5.  As  a  result 
of  the  thermally-induced  current  instability, 
a  collector  current  crush  phenomenon  is 
observed  beyond  a  certain  power  level.  For 
the  present  case  with  the  parameters  used 
and  pe  =  0,  this  power  level  is  110  mW, 
regardless  of  the  base  current  values.  Fig.  5 
also  shows  the  maximum  temperature  ATj>max 
at  the  center  emitter  element  and  the  average 
temperature  ATjavc  among  all  the  emitter 
elements  vs.  Vce.  It  is  clearly  shown  that  the 
current  crush  is  coinciding  with  the  rapid 
increase  of  ATj>max  and  the  decrease  of  ATjave. 


We  define  ATjthrd  as  the  threshold  of  the 
junction  temperature  rise  to  be  equal  to 
ATj  ave  at  onset  of  current  crush.  In  the 
present  case,  ATjthrd  is  60  K,  regardless  of 
the  base  currents.  This  threshold  value  is 
fairly  close  to  the  graphical  results  shown  in 
Fig.  2  after  the  correction  factor  due  to  the 
temperature-dependent  thermal  conductivity 
(this  correction  factor  is  discussed 
elsewhere).  The  temperature  distributions  on 
the  device  surface  plan  are  displayed  in  Fig. 
6(a),  (b)  and  (c)  for  three  different  operating 
conditions.  Vce  =  5,  8.5,  and  9.5  V 
correspond  to  the  operating  points  of  below, 
at,  and  beyond  the  current  crush  point, 
respectively.  Below  the  current  crush,  the 
temperature  rise  at  the  emitter  element  is 
rather  uniform.  At  the  current  crush  point, 
the  temperature  at  the  center  element  starts 
to  increase  more  rapidly  than  the  others. 
Beyond  the  current  crush  point,  a  localized 
hot  spot  is  formed  at  the  center  element,  and 
the  temperature  at  the  others  decreases.  The 
current  crush  is  concurrent  with  the 
formation  of  hot  spots  through  which  most 
of  the  current  is  conducted. 

The  triggering  of  the  current 
instability  when  the  junction  temperature  rise 
reaches  a  threshold  value  can  be 
qualitatively  described  as  follows.  In  the 
emitter  array  case,  the  coupled  thermal 
resistance  between  the  two  adjacent  emitters 
is  assumed  small.  As  the  power  increases, 
the  junction  temperature  increases  almost 
uniformly  at  all  the  unit  elements,  although 
the  center  one  has  a  slightly  higher  junction 
temperature  due  to  all  the  coupled  thermal 
resistances  from  the  neighboring  ones.  The 
current  instability  occurs  when  the  junction 
temperature  rise  at  two  adjacent  elements 
reaches  the  threshold  value.  Beyond  this 
threshold  the  one  with  a  slightly  higher 
junction  temperature  starts  to  take  over  the 
current  from  the  other  elements  as  the  power 
dissipation  is  increased  further.  Once  this 
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happens,  the  collector  current  starts  to 
collapse. 

Fig.  7  shows  the  I-V  characteristics, 
ATjimax  and  ATj>ave  vs.  Vce  for  the  device  with 
the  same  parameters  as  in  Fig.  6,  except  now 
pe  =  2x1  O'6  Q-cm2  instead  of  0.  The  ATjthrd 
are  80,  90  and  100  K,  for  Ib  =  0.2,  0.4  and 
0.6  mA,  respectively.  The  threshold  junction 
temperature  rise  in  this  case  is  larger  than 
that  of  the  previous  pe  =  0  case.  It  is  also 
higher  when  the  device  is  operated  at  high 
current  and  low  voltage  rather  than  at  low 
current  and  high  voltage  similar  to  the 
results  obtained  in  section  A.l.  As  the 
ballast  resistance  increases,  the  power 
handling  capability  increases,  but  the  cut-off 
frequency  decreases  due  to  the  extra 
charging  time  of  the  emitter  junction  [8]. 
There  is  a  trade-off  between  power  and 
frequency  performance  when  ballast  resistors 
are  used. 


in.  DISCUSSION  AND  CONCLUSION 

Since  ATj  thrd  «  rwtalpthr(1,  improvement 
in  the  power  handling  capability  is  most 
directly  obtainable  through  the  reduction  of 
rtotal.  Device  fabrication  techniques  such  as 
flip-chip  configuration,  peeled-film  and 
AlGaAs/GaAs  HBT  built  on  Si  are  several 
means  to  achieve  reduced  total  thermal 
resistance.  The  power  threshold  for  the 
onset  of  the  thermally-induced  current 
instability  is  almost  linearly  proportional  to 
the  thermal  conductivity  of  the  substrate. 

Another  approach  to  increase  the 
power  handling  capability  of  the  device 
under  current  mode  operation  is  to  utilize  the 
result  obtained  in  the  previous  section,  i.e. 
AT^  is  infinity  if  rs  =  rc.  One  of  the 
methods  for  obtaining  a  strong  coupling 
between  emitter  elements  (i.e.,  rc  — »  rs)  is 
through  reduced  separation  between  emitter 


elements.  However,  this  method  increases 
the  total  thermal  resistance  (since  rtotal  ~  rs  + 
rc),  and  results  in  an  inferior  performance  in 
both  the  dc  and  rf  operations  [7].  Another 
method  to  realize  a  strong  coupling  is 
through  a  thick  metal  air  bridge,  called 
thermal  shunt,  connecting  all  the  emitter 
elements.  The  junction  temperature 
difference  between  elements  can  be 
eliminated  by  the  low  thermal  resistance 
path  through  the  air  bridge.  The  rtotal  can  be 
made  small  through  a  careful  layout  design 
of  the  emitter  elements.  In  addition,  the  air 
bridge  can  be  posted  to  large  pads  which 
provide  additional  thermal  paths  to  dissipate 
the  generated  heat  during  device  operation 
which  further  reduces  the  total  thermal 
resistance.  The  I-V  characteristics  of  the 
device  implemented  thermal  shunt  as  well  as 
the  conventional  device  with  and  without  the 
ballast  resistances  are  shown  in  Fig.  8.  It  is 
seen  that  the  conventional  device  without 
ballast  resistance  has  a  current  crush  at 
lower  power  level,  while  the  one  with  ballast 
resistance  has  a  current  hogging  at  a  larger 
power  level.  The  one  with  thermal  shunt 
does  not  show  sign  of  thermally-induced 
current  instability. 
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Fig.  1  The  junction  temperature  rise  AT  as  a 
function  of  V^,  with  and  pe  as  the 
variable  parameters.  pe  =  0  (curves  al,  a2 
and  a3),  1  (curves  bl,  b2  and  b3)  and  2  xlO' 
6  Q-cm2  (curves  cl,  c2  and  c3),  and  the  three 
different  V^’s,  which  give  current  densities 
of  1  (curves  al,  bl  and  cl),  2  (curves  a2,  b2 
and  c2)  and  3  xlO4  (curves  a3,  b3  and  c3) 
A/cm2,  respectively,  when  junction 
temperature  is  at  the  heat  sink  temperature. 
The  other  parameters  used  are  nb  =  2,  AE  = 
0.07  ev,  5  =  1.57  mv/K,  p(T0)  =  50  and  T0 
=  300  K. 


b  (°K  ') 

Fig.  2  ATm„  as  a  function  of  b,  with  AE  = 
0.04,  0.07  and  0.1  eV,  6  =  1.57  mV/K  and 
pe  =  0,  1,  and  2x1  O'6  Q-cm2. 
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r.  =  2.2x1  O'*  K-cmVW 
r,  =  2.2x10  *  K-cmVW  (a) 
r,  =  l.lxir*  K-cmV\V  (b) 
rt  =  0.0x10  *  K-cmVW  (c) 


p,  (W/cm1) 


Fig.  3  The  trajectory  of  the  solutions  of  pj 
and  p2  for  a  two-emitter  element  with  a 
symmetric  thermal  resistance.  (See  text  for 
the  explanation) 


Collector-emilter  Voltage  (V) 

Fig.  5  The  calculated  I-V  characteristics 
(solid  line)  in  the  linear  region  for  It  =  0.2, 
0.4  and  0.6  mA.  The  parameters  AE=0.07, 
pe=0  and  b=0.02/K  are  used.  The  maximum 
(dash-dot  line)  and  the  average  temperature 
(dot  line)  among  the  emitter  elements  vs.  Vce 
are  also  shown. 
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Fig.  4  The  schematic  diagram  of  the  HBT 
with  a  5x3  array  of  emitter  elements  on  the 
top  surface  of  the  chip. 
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Fig.  6  The  temperature  distributions  on  the 
surface  of  the  device  operated  at  Vce  -  5  V 
(a),  8.5  V  (b)  and  9.5  V  (c).  Note  the 
temperature  scale  is  different. 


Collector-emitter  Voltage  (V) 

Fig.  7  The  calculated  I-V  characteristics 
(solid  line)  in  the  linear  region  for  Ib  =  0.2, 
0.4  and  0.6  mA.  The  parameters  AE=0.07, 
pe=2xl0'6f2-cm2  and  b=0.02/K  are  used.  The 
maximum  (dash-dot  line)  and  the  average 
temperature  (dot  line)  among  the  emitter 
elements  vs.  Vce  are  also  shown. 
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Fig.  8  The  experimental  I-V  characteristics 
of  a  conventional  AlGaAs/GaAs  HBT 
devices  (a)  without  any  ballast  resistor,  (b) 
with  an  emitter  ballast  resistor  and  (c)  with 
a  thermal  shunt. 
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Abstract 

A  preliminary  investigation  of  quasi-optical  frequency  conversion  arrays  is  described.  Using  a  diode- 
loaded  dipole  placed  between  two  parallel  conducting  plates  to  simulate  an  array,  we  were  able  to 
demonstrate  enhanced  conversion  efficiency  into  the  second  harmonic  and  obtain  spontaneous  para¬ 
metric  oscillation  for  certain  array  geometries.  Sub-harmonic  parametric  oscillation  was  achieved 
by  strongly  driving  the  nonlinear  antenna  at  a  single  pump  frequency  while  the  cavity  length  was 
adjusted  for  resonance  at  a  subharmonic,  and  a  well-defined  threshold  for  this  parametric  down- 
conversion  was  observed. 

I.  Introduction 

Quasi-optical  power-combining  is  emerging  as  an  attractive  solution  to  the  problem  of  limited  power¬ 
handling  capacity  in  millimeter- wave  devices  [1-3].  This  paper  proposes  the  application  of  these 
concepts  to  the  realization  of  high-power  frequency  converters  and  parametric  amplifiers.  Some 
recent  experiments  at  UCSB  suggest  that  this  can  be  accomplished  using  an  array  of  coherently- 
pumped  planar  antennas,  each  containing  a  nonlinear  parametric  device.  Impedance  matching  and 
frequency  selectivity  is  achieved  through  antenna  design  and  exploitation  of  the  inherent  mutual 
coupling  between  the  antennas. 

The  preliminary  experiments  used  a  simple  model  consisting  of  a  nonlinear  dipole  placed  between 
parallel  conducting  plates  (a  Fabry-Perot  cavity).  According  to  image  theory,  the  conducting  plates 
simulate  the  response  of  the  dipole  in  a  large  linear  array  (see  figure  1).  This  not  only  simplifies  the 
experiments,  but  also  provides  us  with  the  following  interpretation  of  mutual  coupling  in  antenna 
arrays:  the  mutual  coupling  modifies  the  impedance  of  an  antenna  in  a  manner  which  reproduces 
the  cavity  mode  structure,  thus  any  antenna  array  is  inherently  frequency  selective.  If  the  antenna 
contains  a  nonlinear  device  which  emits  radiation  at  several  frequencies,  the  filtering  properties  of 
the  array  are  expected  to  have  a  profound  influence  on  the  output  spectrum  of  the  array. 

II.  Influence  of  Mutual  Coupling  on  Emission  Spectra 

First  consider  the  behavior  of  the  linear  dipole  driving-point  impedance  in  the  presence  of  the 
cavity.  The  mutual  coupling  that  is  introduced  by  the  image  elements  can  either  enhance  or  inhibit 
emission  at  selected  frequencies.  For  example,  if  the  dipole  is  situated  at  the  null  of  the  standing 
cavity  field,  the  radiation  destructively  interferes  with  image  emission  and  the  radiation  resistance 
will  decrease.  Likewise,  the  radiation  resistance  is  larger  if  the  dipole  is  situated  at  the  antinode 
of  the  cavity  field,  where  there  is  constructive  interference  with  image  emission.  The  cavity  length 
and  dipole  placement  can  therefore  be  tuned  to  selectively  enhance  emission  at  a  certain  frequency. 
This  variation  in  radiation  resistance  can  be  quantitatively  modelled  using  the  induced  EMF  method 
from  antenna  theory  [3,6].  It  should  be  noted  that  the  number  of  image  dipoles  in  the  equivalent 
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image  array  is  related  to  the  cavity  losses;  an  approximate  relationship  has  been  derived  as  [3] 


2d/X 

where  N  is  the  number  of  array  elements,  Q  is  the  cavity  Q- factor,  and  d  is  the  element  (cavity) 
spacing. 

The  influence  of  mutual  coupling  on  the  spectral  emission  of  a  nonlinear  array  element  was  explored 
experimentally  by  embedding  a  p-n  diode  (the  base-emitter  junction  of  an  NE6448  microwave  BJT, 
with  fT  «  10  GHz)  at  the  feedpoint  of  the  dipole  used  in  the  previous  experiments.  This  particular 
device  was  chosen  for  convenience  and  not  because  of  any  desirable  properties  for  this  application. 
The  experimental  setup  is  shown  in  figure  2.  The  antenna  was  driven  by  an  HP8350  sweeper, 
typically  at  frequencies  between  8  and  9  GHz.  The  output  of  the  HP8350  was  fed  through  a  bandpass 
filter  with  a  bandwidth  of  4  GHz  centered  at  8  GHz,  and  out-of-band  rejection  of  60  dB.  The  filter 
removes  any  harmonic  distortion  in  the  sweeper  output  as  well  as  isolating  the  sweeper  from  the 
harmonics  generated  in  the  antenna.  The  spectral  response  of  the  antenna  was  observed  using 
a  waveguide  horn  and  an  HP8563  spectrum  analyzer,  with  the  horn  at  the  broadside  position  to 
the  image  array.  A  double-stub  tuner  was  used  to  provide  a  small-signal  impedance  match  to  the 
nonlinear  device. 

For  a  single  element  in  free  space  the  dipole  radiates  at  the  pump  frequency  and  harmonics.  However, 
the  relative  power  in  the  second  harmonic  was  observed  to  change  dramatically  when  the  element  was 
placed  within  the  cavity  [3] .  For  example,  if  the  cavity  is  tuned  so  that  its  fundamental  mode  is  at 
the  second  harmonic,  the  pump  frequency  is  below  cut-off  and  subsequently  the  power  radiated  into 
the  second  harmonic  frequency  increases  and  the  dipole  radiation  at  the  pump  frequency  decreases. 

The  array  can  also  be  used  to  enhance  emission  at  frequencies  that  are  not  emitted  by  the  isolated 
element,  if  the  device  is  pumped  strongly.  For  certain  values  of  the  cavity  spacing  and  pump 
power,  we  observed  dipole  emission  at  the  sub-harmonic  and  corresponding  mixing  products,  as 
shown  in  figure  3a.  This  is  a  result  of  spontaneous  parametric  down-conversion  in  our  setup,  which 
can  be  explained  as  follows.  When  a  nonlinear  reactance  is  modulated  at  a  pump  frequency  wp, 
it  can  easily  be  shown  [7]  that  a  negative  resistance  is  induced  at  the  pump  subharmonic,  wp/ 2. 
This  is  the  basis  for  degenerate  parametric  amplification  [5],  If  the  embedding  circuit  satisfies  the 
oscillation  conditions  at  this  frequency,  spontaneous  down-conversion  will  occur.  Interestingly,  we 
consistently  observed  this  phenomenon  for  cavity  spacings  below  cutoff  for  both  the  fundamental 
and  sub-harmonic  frequencies.  In  some  cases  we  were  also  able  to  observe  non-degenerate  parametric 
oscillation,  as  shown  in  figure  3b.  In  this  case  one  of  the  lower  frequency  components  can  be  thought 
of  as  the  “idler”  signal  in  parametric  amplifier  terminology  [5] .  At  no  time  did  we  observe  parametric 
oscillation  without  the  cavity  present. 

The  driven  parametric  device  can  be  considered  as  providing  gain,  with  positive  feedback  supplied 
by  the  dipole-cavity  interaction.  If  the  array  elements  are  spaced  to  avoid  such  positive  feedback, 
a  low-noise  negative  resistance  parametric  amplifier  or  frequency  up-converter  (with  gain)  can  be 
created.  The  magnitude  of  the  induced  negative  resistance  is  proportional  to  the  pump  power, 
suggesting  that  there  should  be  a  threshold  for  parametric  down-conversion.  This  was  verified  by 
measurement  of  the  sub-harmonic  power  versus  pump  power,  shown  in  figure  4.  For  pump  powers 
below  threshold  the  subharmonic  component  of  the  dipole  response  is  indistinguishable  from  the 
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noise  floor.  At  approximately  35  mW,  a  sharp  increase  in  sub-harmonic  output  is  observed.  As  pump 
power  continues  to  increase,  the  slope  of  the  curve  changes  due  to  the  change  in  diode  impedance. 
When  the  pump  power  is  very  large,  the  negative  resistance  saturates  and  sub-harmonic  power  levels 
off.  The  maximum  power  could  be  slightly  increased  by  adjusting  the  diode  bias  and  double-stub 
tuner  for  a  better  impedance  match  under  large-signal  conditions. 

III.  Conclusions 

To  the  extent  that  mutual  coupling  can  be  reproducibly  controlled  in  a  practical  array,  it  may  be 
possible  to  realize  high  power  frequency  converters  and  parametric  amplifiers  using  large  arrays  of 
nonlinear  devices,  by  adjusting  the  mutual  coupling  to  provide  a  good  impedance  match  and  the 
desired  frequency  response.  Each  array  element  would  have  its  own  pump  source,  with  all  the  pump 
sources  operating  coherently.  This  could  be  achieved  in  several  ways,  such  as  through  a  traditional 
array  feed  network,  injecting  the  pump  source  quasi-optically,  or  using  a  coupled-oscillator  array  as 
shown  in  figure  5.  In  the  latter  case,  coupling  between  the  oscillators  allows  them  to  synchronize 
through  the  phenomenon  of  injection-locking  [9]. 

Although  the  experiments  presented  in  this  paper  simulated  an  end-fire  array,  the  results  should 
extend  to  broadside  arrays  as  well.  Conceptually,  this  is  equivalent  to  placing  our  dipole  between 
two  magnetic  conducting  planes,  which  has  a  similar  mode  structure  to  the  electric  conducting 
cavity.  Either  case  can  be  realized  in  a  planar  array  by  controlling  the  relative  phasing  of  the  pump 
sources.  In  the  case  of  a  coupled-oscillator  pump  array  (figure  5),  the  relative  phasing  could  be 
adjusted  using  recently  developed  scanning  techniques  [10], 

The  observed  spontaneous  down-conversion  could  provide  a  useful  technique  for  frequency  division 
or  generating  sub-harmonic  mixing  products.  However,  we  consider  the  observation  of  parametric 
oscillations  to  be  significant  only  as  an  indication  that  other  parametric  effects  could  be  exploited 
in  arrays.  These  include  negative  resistance  parametric  amplification  and  parametric  up-conversion 
[5],  where  the  regime  of  parametric  oscillations  would  necessarily  be  avoided.  Such  possibilities 
are  intriguing — parametric  amplifiers  have  not  historically  been  used  as  power  amplifiers,  despite 
low-noise  and  high  efficiency,  because  all  the  power  in  the  system  would  converge  on  a  single  small- 
junction  diode.  Since  the  junction  area  of  the  device  must  be  kept  small  for  impedance  matching 
and  reduced  parasitics,  there  are  fundamental  limitations  on  the  power-handling  capacity  of  a  single 
device  amplifier.  By  combining  a  large  number  of  parameric  amplifiers  in  a  quasi-optical  array, 
we  can  take  advantage  of  this  high  efficiency  and  high  output  powers  while  still  keeping  the  power 
requirements  of  a  single  device  to  a  reasonable  level.  Since  the  signals  are  coupled  to  free-space, 
there  is  very  little  parasitic  loss  in  the  system,  which  is  important  for  noise  reduction. 

Additionally,  the  degenerate  negative-resistance  parametric  amplifier  is  known  to  possess  a  phase- 
sensitive  gain  [5],  When  the  pump  signal  is  fully  coherent  with  the  input  frequency,  the  maximum 
gain  of  the  amplifier  can  be  as  much  as  6  dB  greater  than  for  a  non-coherent  pump  source.  Therefore 
if  the  pump  phase  can  be  made  to  track  the  incoming  signal  phase,  the  signal-to-noise  ratio  can  be 
improved  by  up  to  6dB  since  non-coherent  noise  would  receive  6dB  less  gain.  This  same  principle 
has  recently  been  demonstrated  in  parametric  laser  systems  [8],  and  could  be  achieved  by  making 
the  degenerate  parametric  amplifier  part  of  a  phase-locked  loop. 
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Figure  1  -  Geometry  for  the  dipole  in  a  parallel-plate  cavity,  and 
the  equivalent  image  array.  Arrows  denote  the  direction  of  current 
flow  in  the  dipoles 


Figure  2  -  Illustration  of  the  experimental  setup  for  observing  the 
nonlinear  dipole-cavity  response.  The  HP8350  source  plug-in  was 
capable  of  delivering  nearly  1  Watt  at  8  GHz.  The  double-stub 
tuner  was  initially  adjusted  for  a  good  match  at  small-signal  drive 
levels  using  an  HP8720  network  analyzer. 
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Emission  Spectrum 
Pump  power:  70mW 


Cavity:  1 3mm 
Dipole:  centered 


Start:  3  GHz  Stop:  23  GHz 


Figure  3  -  Top:  Dipole  emission  spectra  under  large-signal  pump 
conditions,  showing  spontaneous  parametric  down-conversion  (and 
mixing  products)  with  cavity  adjusted  for  resonance  at  sub-harmonic. 
Bottom:  non-degenerate  down-conversion  was  also  observed  with 
different  cavity  spacing  and  dipole  placement. 
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Figure  4  -  Sub-harmonic  power  generated  versus  pump  power. 
Above  a  threshold  of  approximately  35  mW,  sub-harmonic  power 
increases  rapidly,  then  falls  off  as  diode  impedance  changes  under 
large-signal  conditions. 


patch  antenna  varactor 


Figure  5  -  Illustration  of  a  quasi-optical  frequency  multiplier  or 
parametric  amplifier  array.  Varactor  diodes  embedded  in  patch 
antennas  are  driven  by  a  local  coupled-oscillator  array.  Antenna 
spacing,  diode  placement,  and  oscillator  phasing  determines  the 
emission  spectra. 
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ABSTRACT 

Optoelectronic  S-parameter  measurements  offer  the  bandwidth  needed  to  characterize  today's 
state-of-the-art  transistors,  but  have  not  yet  achieved  the  throughput  or  accuracy  provided  by  a  vector 
network  analyzer  with  microwave  probes.  In  this  paper,  we  discuss  a  new  approach  in  which  mova  e 
optoelectronic  probes,  calibrated  by  testing  simple  standard  devices,  are  stepped  around  the  water  to 
provide  accurate,  high-throughput  S-parameter  measurements.  Sub-picosecond  laser  pulses  drive 
photoconductive  switches  on  the  probe  tips,  to  generate  electrical  stimulus  pulses  and  define  sampling 
intervals,  and  signals  are  transferred  to  and  from  the  wafer  under  test  by  coplanar  waveguide  transmission 
lines  and  plated  contact  bumps.  The  probes  provide  electrical  pulses  as  short  as  3  psec  (FWHM),  while 
maintaining  a  broadband  50  ohm  termination  to  ensure  stability  of  the  device  under  test.  Since  probe 
flexure  under  contact  significantly  disturbs  alignment  of  free-space  beams,  fiber-optic  input  is  used  to 
improve  reproducibility.  Analysis  by  vector  error  correction  in  the  frequency  domain  removes  systematic 
errors  and  separates  the  incident  and  reflected  pulses  without  subjective  time-window  gating.  We  have 
demonstrated  precise  measurement  of  the  complex  reflection  coefficient  Sji  at  frequencies  up  to 
175  GHz.  Noise  simulations  have  been  performed  to  investigate  the  effect  of  various  system  parameters 
on  the  measurement  uncertainty  and  useful  bandwidth  for  S parameter  tests. 


INTRODUCTION 

Wafer  probing  at  high  speed  has  revolutionized  research,  development,  and  production  of  high¬ 
speed  devices.  Broadband,  error-corrected  S-parameter  measurements  up  to  60  GHz  are  routinely 
obtained  from  vector  network  analyzers  connected  to  microwave  wafer  probes  based  on  transitions  from 
coaxial  lines  to  coplanar  waveguide  (CPW).  However,  the  extrapolated  performance  of  the  best  state-of- 
the-art  transistors  exceeds  300  GHz,  presenting  a  large  measurement  gap.  Waveguide-based  probes  are 
available  to  cover  V-band  (50-75GHz)  and  W-band  (75-1 10  GHz),  but  the  cost  and  complexity  of  multi¬ 
band  waveguide  systems  are  very  high. 

Optoelectronic(OE)  testing  driven  by  picosecond  or  femtosecond  laser  pulses  offers  a  broad- 
bandwidth  alternative  to  conventional,  purely  electronic  S-parameter  measurements.  Typical  OE  setups 
use  wirebonds  or  beam  leads  to  connect  external  photoconductors  to  the  device  under  test  (D.U.T.)[l-4], 
or  use  integral  photoconductors  and  transmission  lines  fabricated  as  part  of  the  test  wafer  [5],  With  the 
former  approach,  wafers  cannot  be  measured  whole,  throughput  is  very  limited,  and  vector  error 
correction  (accuracy  enhancement)  is  not  practical.  The  latter  approach  requires  additional  processing 
steps,  may  not  be  compatible  with  all  substrates,  consumes  space  on  the  test  wafer,  and  relies  heavily  on 
the  uniformity  of  the  photoconductive  gaps  and  calibration  standards  fabricated  on  each  wafer. 

To  overcome  these  limitations,  we  have  put  the  OE  conversions  onto  a  probe  tip  which  can  be 
moved  to  contact  various  sites  on  a  wafer,  as  sketched  in  Figure  la.  Besides  the  obvious  benefit  to 
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throughput,  this  approach  can  be  used  on  whole  or  part  wafers  of  any  material,  and  permits  vector  error 
correction.  Recalibration  of  the  system  is  not  needed  each  time  the  probe  is  moved  to  a  new  device.  Our 
apparatus  is  similar  to  that  of  Scheuermann  et  al  [6],  but  we  have  added  fiber  optic  input,  frequency 
domain  analysis,  error  correction  and  independent  bias  of  the  D.U.T.  and  the  stimulus  gap.  We  have  also 
used  CPW-based  probe  layouts,  for  compatibility  with  devices  designed  for  conventional  microwave 
probing. 


Error  correction,  based  on  the  measurement  of  known  standard  devices,  is  critical  to  accurate 
high-speed  vector  measurements.  Microwave  network  analyzers  depend  on  it  to  control  the  reflections, 
loss,  dispersion  and  delay  due  to  connectors,  discontinuities,  aging,  and  simply  the  non-ideality  of 
transmission  lines,  directional  couplers  and  samplers.  Although  some  of  these  sources  of  measurement 
error  can  be  reduced  by  the  simplicity  and  compact  size  of  an  OE  test  set,  they  are  not  eliminated.  Also, 
error  correction  holds  an  added  advantage  for  OE  systems:  it  can  provide  directionality  for  the  test  set, 
eliminating  the  need  for  time  gating  or  directional  couplers,  as  discussed  below. 


FABRICATION  and  MEASUREMENTS 

The  probe  tips  were  fabricated  from  commercial  silicon-on-sapphire  wafers  which  were  250  /<m 
thick  and  had  0.6  /mi  of  undoped  epitaxial  Si.  CPW  lines  were  defined  in  0.5  /Ain  gold  films  by 
photolithography,  and  the  Si  epi  was  removed  from  the  open  spaces  by  reactive  ion  etching.  The  epilayer 
was  left  in  the  photoconductive  gaps,  which  measured  5  by  30  /mi,  and  its  carrier  lifetimes  were  reduced 
into  the  sub-picosecond  range  by  damage  from  an  implant  of  2xl014  Si+  ions  at  an  energy  of  300  keV. 

The  central  CPW  line  comprised  a  78  /mi  center  conductor  and  39  jAm  spaces,  and  stimulus  and 
sampling  gaps  were  placed  symmetrically,  approximately  1mm  from  the  tip,  as  shown  in  Figure  lb).  Bias 
to  the  gaps  was  provided  by  CPW  lines  similar  to  the  signal  line,  and  both  bias  and  signal  lines  were 
terminated  in  50  ohm  coaxial  connectors  to  minimize  back  reflections.  The  three  contact  bumps  were 
lithographically  defined,  with  center-to-center  spacing  of  150  /mi  and  typical  sizes  of  70  /mi  wide  by 
320  fAm  long  by  20  jAm  thick,  comprising  15  jAm  of  nickel  with  a  5  /mi  gold  overlayer  for  corrosion 
protection  and  low  contact  resistance.  The  contact  bumps  had  a  height  deviation  of  <3  /mi.  For  some 
measurements,  ground-bridging  straps  were  added  to  the  basic  probes  to  suppress  the  antisymmetric  mode 
of  the  CPW  line.  The  straps  were  sections  of  gold-mesh  tape,  typically  100  /mi  wide,  attached  with 
conductive  epoxy. 

For  the  fiber-input  probe,  single-mode  fibers  with  cleaved  ends  were  bonded  to  the  top  (back) 
surface  of  the  sapphire  probe.  Since  the  fibers  were  not  lensed,  optical  coupling  to  the  photoconductive 
gaps  was  not  optimally  efficient,  but  ample  power  was  available  from  the  mode-locked  Ti-sapphire  laser 
source,  and  the  gap  separation  of  80  jAm  provided  reasonably  low  crosstalk. 

Optical  pulses  at  a  wavelength  of  760-800  nm  were  generated  by  a  commercial  Ar-pumped, 
mode-locked  Ti-sapphire  laser.  Pulses  from  this  system  are  typically  100  femtoseconds  long,  with  a 
repetition  rate  of  82  MHz  and  an  average  power  of  ~1  Watt.  For  the  free-beam-input  experiments,  the 
optical  power  was  reduced  to  25  mW  per  gap,  while  the  power  coupled  into  each  fiber  for  the  fiber-input 
probe  was  ~10  mW.  A  programmable  translation  stage  was  used  to  sweep  the  relative  delay  of  the 
sampling  pulses,  and  the  stimulus  beam  was  mechanically  chopped  to  enable  lock-in  detection, 
eliminating  signal  due  to  dark  current  leakage  in  the  stimulus  gap. 

The  general  methods  of  photoconductive  stimulus/sampling  have  been  discussed  by  Auston[7]. 
In  brief,  we  applied  a  10  Volt  dc  bias  to  the  stimulus  gap  and  monitored  the  average  current  from  the 
sampling  gap  under  zero  bias.  Optical  pulses  striking  the  stimulus  gap  launch  electrical  pulses  along  the 
line,  which  propagate  to  the  D.U.T.  and  are  partly  reflected.  When  the  delayed  optical  pulse  strikes  the 
sampling  gap,  current  flow  is  proportional  to  the  voltage  present  at  that  point  on  the  signal  line  at  that 


486 


VII-1 


instant,  whether  due  to  the  incident  or  reflected  pulse.  The  average  sampled  current  is  monitored  as  a 
function  of  delay  time  to  obtain  V(t)  curves. 


ANALYSIS  &  ERROR  CORRECTION 

Although  time-domain  responses  can  be  useful  in  their  own  right,  many  design  applications 
require  accurate  S-parameter  data  in  the  frequency  domain.  In  typical  optoelectronic  measurements  [2-4], 
the  incident  and  reflected  pulses  are  separated  by  time-window  gating,  then  Fourier  transformed  and 
ratioed  to  obtain  the  complex  reflection  coefficient  Sn-  A  simple  propagation  factor  is  used  to  displace 
the  reference  plane  to  the  D.U.T.  This  approach  has  some  limitations.  Reflections  at  wirebonds  or  probe 
contact  points  cannot  be  removed.  The  time  gate  window  must  be  much  longer  than  the  input  pulse,  so 
the  sampling  point  must  be  distant  from  the  D.U.T.,  which  increases  the  delay,  dispersion  and  loss. 
Reflections  from  the  back  end  of  the  test  set  must  be  excluded  by  a  separate  time  gate,  limiting  the 
maximum  sampling  time.  Frankel  et.  al.  [4]  have  noted  that  this  limited  sampling  time  can  interfere  with 
measurements  of  active  devices  which  have  long  time  constants. 

Vector  error  correction  techniques  can  deal  with  all  of  these  errors,  and  more,  while  eliminating 
the  need  for  time  gating.  By  measuring  an  open  circuit,  short  circuit,  and  load  device  with  accurately 
known  properties,  one  can  establish  three  reference  points  in  the  Sji  plane,  to  uniquely  define  the 
conformal  transformation  associated  with  the  errors  and  non-idealities  of  the  test  set  [8,9].  The 
calibration  removes  all  linear  errors  which  are  local  in  frequency  and  repeatable  from  run  to  run,  even  a 
directivity  error  of  unity  (no  directional  sensitivity  at  all).  This  is  why  time  gating  is  not  needed:  the 
incident  signal  has  been  extracted  from  the  measurement  of  the  standard  devices.  The  overall  effect  of 
error  correction  is  to  place  the  burden  of  accuracy  on  the  standard  devices,  demanding  only 
reproducibility  from  the  test  equipment. 

The  actual  procedure  we  used  for  calculation  of  accurate  S-parameters  from  the  time-domain  data 

was: 

1)  Normalize  each  V(t)  trace  to  the  peak  of  the  incident  pulse,  to  eliminate  scaling  errors  due  to  slow 
drift  or  fluctuations  in  laser  power  or  fiber  launch  efficiency. 

2)  Apply  the  Fourier  transform  to  generate  frequency-domain  curves. 

3)  Divide  by  the  Fourier  transform  of  an  assumed  Gaussian  incident  pulse  to  generate  raw 
(uncorrected)  S-parameters.  This  is  just  a  convenience  for  looking  at  intermediate  results:  the  final, 
corrected  result  is  entirely  insensitive  to  the  assumed  pulse  shape. 

4)  Use  raw  S-parameters  of  short  circuit,  open  circuit,  and  resistive  load  standard  devices  to  calculate 
the  error  correction  terms. 

5)  Apply  the  error  correction  terms  to  the  raw  S-parameters  of  the  Device  Under  Test  (D.U.T.)  to 
obtain  the  corrected  S-parameters. 

The  calibration  standard  devices  used  for  this  work,  and  their  definitions,  were  the  same  as  those 
used  for  conventional  microwave  probing:  the  short  circuit  and  load  standards  were  on  a  commercial 
calibration  tile,  while  the  open  standard  was  the  probe  suspended  in  air.  The  calibration  tile  is  supplied  by 
Cascade  Microtech  for  operation  up  to  40  GHz,  but  the  small  size  of  the  standard  devices  suggests  that 
they  should  be  useful  to  much  higher  frequencies. 


EXPERIMENTAL  RESULTS 

Figure  2  shows  the  time-domain  response  of  the  free-beam-input  probe  with  various  terminations. 
The  incident  pulse,  a  cross -correlation  of  the  electrical  stimulus  and  sampling  intervals,  has  roughly 
symmetric  rise  and  fall  times,  with  a  width  (FWHM)  of  2.8  ps.  The  average  stimulus  current  was 
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~2.1  f4 A,  implying  a  pulse  voltage  of  about  450  mV.  Figs.  2a-c)  show  the  responses  for  an  open  circuit 
(tip  suspended  in  air),  short  circuit  (tip  contacting  a  bar-shaped  gold  metallization  on  the  wafer  under 
test),  and  a  50  ohm  load  standard  (tip  contacting  the  metallized  pads  of  a  thin-film  resistor),  respectively. 
The  latter  two  terminations  are  on  a  calibration  tile  made  for  conventional  microwave  probes  by  Cascade 
Microtech.  As  expected,  the  open  circuit  shows  a  large  positive  reflection,  the  short  circuit  shows  a  large 
negative  reflection,  and  the  load  device  shows  a  much  smaller  residual  reflection  due  to  impedance  and 
mode  matching  errors  at  the  contact  point.  In  each  case,  the  main  reflection  signal  has  an  asymmetric 
shape  due  to  the  summation  of  many  components  from  the  finite-length  contact  bumps  and  D.U.T.,  and 
small  features  due  to  multiple  reflections  and  back  reflections  are  noticeable  out  to  ~120  ps. 

To  demonstrate  the  effectiveness  of  error  correction  in  OE  probing,  we  have  measured  the 
reflection  from  a  I2.6-ohm  thin-film  resistor,  and  calculated  Sn  over  the  frequency  range  from  dc  to 
100GHz.  Since  it  is  small  and  simple,  the  resistor  should  be  nearly  ideal,  appearing  at  the  point 
-0.60  +  jO.O  on  the  Smith  chart  for  all  frequencies  tested.  Figure  3a)  shows  the  Sn  of  the  test  resistor 
obtained  by  the  time-gated  method  outlined  above,  with  the  time  window  for  the  incident  pulse  set  from  - 
32  ps  to  +4  ps,  and  the  reference  plane  displacement  set  at  13.6  ps.  The  points  are  scattered  loosely  about 
the  ideal  value,  with  Sn  =  -0.57+0.24  +  j(-0.04+0. 18)  over  the  frequency  range.  The  dc  value  is  actually 
the  wrong  sign,  clearly  demonstrating  the  importance  of  systematic  errors.  Neither  adjustment  of  the  time 
window,  nor  inclusion  of  loss  or  monotonic  dispersion  in  the  propagation  correction,  can  improve  the 
result. 


Vector  error  correction,  however,  makes  a  substantial  improvement,  as  shown  in  Fig.  3b).  The 
short,  open,  and  load  terminations  shown  in  Figs.  2a-c)  were  used.  Specifications  of  the  short  and  load 
standards  were  those  supplied  with  the  calibration  tile,  while  the  open-circuit  capacitance,  which  varies 
slightly  with  probe  geometry,  was  set  to  -18  fF  by  inspection  of  the  calibrated  curves.  The  error-corrected 
S 1 1  data  show  less  than  half  the  scatter  observed  when  using  the  time-gating  method,  with 
Si  i  =  -0.60+0.08  +  j(0.0 1+0. 11).  The  remaining  discrepancies  are  due  to  run-to-run  variations  which 
cannot  be  corrected  out. 

Fiber-optic  input  to  the  probe  improves  reproducibility,  yielding  the  error-corrected 
measurements  shown  in  Fig.  3c).  A  tight  distribution  of  values  is  observed: 
Si i  =  -0.63+0.04  +  j(0.01+0.04)  over  the  100  GHz  frequency  range.  The  dispersion  from  0.6  m  of  fiber 
in  the  optical  path  is  not  a  problem,  since  the  FWHM  of  the  incident  pulse  remains  as  short  as  3.4  ps. 

The  importance  of  mode  conversion  effects  in  CPW  structures  becomes  evident  when  Sn  is 
computed  for  the  open  stub  device,  as  shown  in  Figure  4a).  The  magnitude  of  Sn  for  the  open  stub 
should  begin  at  unity  and  decrease  smoothly  as  losses  increase  with  frequency,  while  the  phase  should 
begin  at  zero  and  decrease  nearly  linearly.  Although  the  measured  Sn  shows  qualitatively  correct  phase 
winding,  the  magnitude  varies  widely,  including  excursions  above  unity  which  imply  gain,  impossible  for 
this  passive  device.  The  explanation  is  that  the  open  stub  actually  reflects  back  more  power  to  the 
sampling  gap  than  does  the  probe  open  in  air,  because  of  mode  conversion.  When  the  laser  pulse  strikes 
the  stimulus  gap,  the  wave  launched  in  the  CPW  line  on  the  probe  tip  is  concentrated  on  one  side  of  the 
line,  in  a  combination  of  symmetric  and  asymmetric  modes  which  resembles  a  slotline  mode.  When  the 
probe  is  open  in  air,  both  symmetric  and  asymmetric  components  are  reflected  with  a  positive  polarity, 
sending  the  pulse  back  along  the  line  on  the  same  side  as  it  arrived,  and  presenting  a  rather  weak  signal  to 
the  sampling  gap  on  the  other  side.  The  open  stub,  however,  has  a  ring-shaped  ground  plane  which 
connects  the  two  outer  contact  points  of  the  probe  and  presents  a  short  circuit  to  the  asymmetric  mode. 
This  short  circuit  reflects  the  asymmetric  mode  with  a  negative  polarity,  causing  the  combined  mode  to 
shift  to  the  opposite  side  of  the  line  from  that  on  which  it  arrived  and  presenting  a  strong  signal  to  the 
sampling  gap.  Thus  the  open  stub  device  with  the  ring  ground  has  a  stronger  reflection  than  the  open 
standard,  yielding  the  erratic  S 1 j  curve  shown  in  Fig.  4a). 
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The  best  way  to  avoid  this  problem  is  to  put  the  ground-bridging  connections  on  the  probe  tip 
itself,  so  that  the  asymmetric  mode  will  be  suppressed  as  the  pulse  is  launched,  and  the  signal  at  the 
contact  points  will  be  predominantly  the  desired  symmetric  CPW  mode.  The  resulting  probe  tip  can  be 
used  successfully  with  either  ring-shaped  or  separate  grounds,  as  shown  in  Fig.  4b).  The  addition  of 
ground-bridging  straps  increases  the  incident  pulsewidth  somewhat,  to  a  typical  value  of  5  psec,  but  the 
useful  bandwidth  of  the  corrected  system  remains  high,  as  discussed  below. 


NOISE  EFFECTS 

Noise  and  irreproducibilities  limit  the  useful  frequency  range  as  well  as  the  precision  of 
S-parameters  measured  with  the  optoelectronic  probe.  Since  the  error  correction  adjusts  for  the  frequency 
rolloff  of  the  stimulus  and  sampling  gaps,  accurate  measurements  can  be  made  well  above  the  the  3-db 
rolloff  of  the  time-domain  pulse,  up  to  the  point  where  signal  power  and  noise  power  are  comparable  and 
the  precision  of  the  measurement  becomes  unacceptable.  This  is  illustrated  in  Fig.  5,  which  shows  the 
simulated  effect  of  measurement  noise  on  the  precision  of  the  real  part  of  Sji,  f°r  an  ideal  12.5-ohm 
resistor.  The  simulations  assume  that  the  V(t)  curve  comprises  512  sample  points  ranging  from  -50  to 
150  psec,  and  that  the  incident  pulse  is  an  ideal  Gaussian  with  FWHM  =  4.8  psec  (3-db  rolloff  =  94  GHz). 
Random  white  noise  was  superimposed  on  the  ideal  V(t)  curves  for  each  standard  and  for  the  D.U.T. 
measurement.  After  forty  runs  with  independent  noise,  the  standard  deviation  of  Re(Sn),  which  we  will 
call  a,  was  obtained.  As  shown  in  Fig.  5,  o  rises  with  increasing  frequency,  and  we  define  useful 
bandwidth  by  the  arbitrary  condition  o  =  0.05.  With  the  very  low  noise  assumed  for  Fig.  5a),  the  useful 
bandwidth  is  210  GHz,  but  the  more  realistic  noise  levels  assumed  for  Fig.  5b)  yield  a  useful  bandwidth 
of  155  GHz,  still  well  above  the  3-db  rolloff  of  the  incident  pulse. 

Changes  in  the  sampling  conditions  also  affect  the  useful  bandwidth  in  the  presence  of  noise. 
Fig.  6a)  shows  the  simulated  results  for  exactly  the  same  noise  conditions  assumed  in  Fig.  5b),  except  for 
a  time  span  from  -100  to  +400  ps.  The  sampling  interval,  though  doubled,  is  still  0.98  ps,  suggesting  that 
the  sampling  limits  would  not  be  observed  up  to  500  GHz.  However,  in  the  presence  of  noise,  the  useful 
bandwidth  is  reduced  by  47  GHz  This  occurs  because  there  are  only  half  as  many  measurement  points 
which  fall  within  the  incident  and  reflected  pulse  peaks  (about  five  points  per  peak),  while  the  number  of 
measurement  points  which  fall  in  the  noise-dominated  background  regions  is  slightly  increased.  Fig.  6b) 
shows  the  effect  of  shorter  input  pulses,  with  the  original  time  span  and  sampling  interval  of  Fig.  5b). 
Uncertainty  in  Sq  is  increased  at  low  frequencies,  because  of  the  statistical  effect  noted  in  6a),  but  at 
higher  frequencies,  a  is  decreased  because  there  is  more  signal  power  present  in  the  shorter  pulse. 

The  use  of  two-port  (12-term)  error  correction  routines,  instead  of  1-port  routines,  also 
exacerbates  the  effect  of  noise.  Simulation  of  a  two-port  device  consisting  of  two  separate  12.5  ohm 
resistors  (S12  =  S21  =  0),  under  the  same  operating  conditions  as  for  Fig.  5b),  shows  a  low-frequency 
value  of  o  more  than  twice  as  large  as  for  the  one-port  correction.  Although  systematic  errors  are 
removed  by  the  error  correction  routines,  uncorrelated  noise  in  the  standard  measurements  tends  to  add, 
and  the  two-port  calibration  involves  four  times  as  many  standard  measurements  as  the  one-port  routine. 

Unfortunately,  signal  levels  cannot  be  raised  arbitrarily  to  improve  signal/noise  ratio.  Since  the 
object  is  to  measure  active  devices  in  their  linear  (small-signal)  regime,  we  must  keep  the  peak  level  of 
the  incident  pulse  at  about  -10  dbmW  (electrical).  In  addition,  not  all  sources  of  noise  will  simply  add  to 
V(t).  Laser  amplitude  noise,  in  particular,  will  multiply  both  the  incident  pulse  height  and  the  sensitivity 
of  the  photoconductive  sampler  and  will  not  necessarily  be  improved  by  larger  signal  levels.  Still,  the 
overall  conclusion  drawn  from  our  simulations  is  that  the  presence  of  random  noise  at  realistic  levels  does 
not  prohibit  measurements  of  useful  precision  over  broad  operating  bandwidth. 

Several  factors  have  not  been  addressed  in  the  present  simulations.  First,  the  actual  noise  is  not 
white,  but  1/f  in  character,  so  noise  measurements  should  ideally  be  made  over  a  time  equal  to  that  of  a 
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full  calibration  and  measurement  cycle.  Second,  there  may  be  run-to-run  variations  above  and  beyond 
noise,  such  as  variations  in  the  electrical  contact  resistance  to  the  D.U.T.  Finally,  active  devices  may 
generate  significant  1/f  noise  on  their  own.  As  these  factors  are  clarified  and  addressed, we  expect  to 
achieve  a  level  of  precision  which  will  more  clearly  reveal  fine  structure  of  the  D.U.T.  characteristics. 

Figure  7  shows  the  measured  magnitude  of  Sn  for  a  12.5-ohm  thin-film  resistor,  similar  to 
Fig.  3c).  The  only  change  has  been  careful  adjustments  of  the  Ti-sapphire  laser  and  the  measurement 
electronics  to  minimize  noise.  The  resulting  S-parameter  data  shows  a  scatter  of  just  +0.02  over  a 
frequency  range  from  0  to  175  GHz. 


SUMMARY 

Moveable  optoelectronic  wafer  probes  can  provide  the  bandwidth,  throughput  and  precision 
needed  to  characterize  state-of-the-art  devices.  Fiber-optic  input  and  CPW -based  electrical  transmission 
enable  reproducible  measurements  on  any  wafer  suitable  for  microwave  probing,  while  presenting  a 
broadband  50  ohm  impedance  for  stable  operation  of  the  device  under  test.  We  have  constructed  such 
probes,  based  on  photoconductive  switches  for  stimulus  and  sampling,  and  implemented  vector  error 
correction  routines  to  ensure  accuracy.  When  driven  by  a  mode-locked  Ti-sapphire  laser,  the  probes 
demonstrated  calibrated  S  \  \  measurements  with  a  scatter  of  +0.02  over  a  bandwidth  of  175  GHz. 
Ground-bridging  straps  were  shown  to  be  effective  in  suppressing  mode-conversion  errors. 

Noise  simulations  display  the  complex  interaction  between  noise,  sampling  interval,  and  incident 
pulsewidth  in  determining  the  measurement  uncertainty  and  useful  bandwidth  of  the  S-parameter  system. 

The  authors  wish  to  thank  A.  Borges,  K.F.  Brown-Goebcler,  B.  Tell,  and  J.A.  Zembas  for 
experimental  contributions,  and  M.  Pollack  for  continuing  support. 
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Figure  1.  Schematic  layout  of  optoelectronic 
wafer  probe  setup.  The  system  provides  high 
bandwidth,  throughput  and  accuracy. 


Figure  2.  Time  response  of  optoelectronic  wafer 
probe  with  free-beam  input,  contacting  different 
terminations,  (a)  Probe  open  in  air;  (b)  Probe 
shorted  on  gold  thin-film  bar;  and  (c)  Probe  on 
50-ohm  calibration  resistor. 


Figure  3.  SI  1  of  a  thin-film  resistor  with  a  dc  resistance  of  12.6  ohm,  from  dc  to  100  GHz  at  2.5  GHz  intervals, 
(a)  Data  from  free-beam  input  probe,  analyzed  by  conventional  time-gating  method,  shows  both  systematic  and 
irreproducible  errors,  (b)  Data  from  free-beam  input  probe,  analyzed  by  vector  error  correction,  contains  only  the 
irreproducible  errors,  (c)  Data  from  the  fiber-input  probe,  analyzed  by  vector  error  correction,  shows  the  best 
accuracy. 


Figure  4.  Magnitude  and  phase  of  Sll  of  3.2-nun  open  stub  transmission  line,  (a)  Basic  fiber  probe 
without  ground-bridging  straps,  (b)  Fiber  probe  with  gold  mesh  ground-bridging  straps.  Calibration 
standards  and  definitions  are  the  same  as  for  conventional  microwave  probing. 
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Figure  5.  Simulated  effects  of  random  noise  on  S-parameter  measurement.  Standard  deviation  of  the  real 
part  of  S 1 1  vs.  frequency,  for  a  12.5-ohm  resistor.  The  number  of  time  samples  is  512,  the  incident 
pulsewidth  is  4.8  ps  (FWHM),  time  sample  interval  is  0.39  ps.  (a)  Additive  and  multiplicative  noise 
amplitudes  are  each  0. 1%  of  incident  pulse  peak,  resulting  in  a  useful  bandwidth  of  210  GHz.  (b)  Additive 
noise  amplitude  is  0.5%  of  incident  pulse  peak,  multiplicative  noise  amplitude  is  1.0%,  and  the  useful 
bandwidth  is  reduced  to  155  GHz. 
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Figure  6.  Simulated  effects  of  random  noise  on  S -parameter  measurement.  Parameters  are  the  same  as  for 
Fig.  5b),  except:  a)  time  sample  interval  is  increased  to  0.98  ps;  and  b)  incident  pulsewidth  is  reduced  to 
2.4  ps  (FWF1M). 


Figure  7.  Measured  S 1 1  of  a  thin-film  resistor  with  a  dc  resistance  of  12.5  ohm,  from  dc  to  175  GHz 
at  5  GHz  intervals.  Careful  attention  to  noise  sources  has  reduced  to  scatter  in  the  data,  while  increasing 
useful  bandwidth. 
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Abstract 

A  novel  HFET  structure  on  InP  containing  an  asymmetric  two  layer  stepped  QW  channel 
sandwiched  between  two  InAlAs  barriers  is  proposed.  A  small  bandgap  InGaAs  channel  hosts 
the.  2DEG-density  and  provides  a  low  sheet  resistance  at  low  drain  field.  A  higher  bandgap 
sub  channel  of  (a)  InP  and  (b)  InGaAs/InAlAs  superlattice  is  designed  to  act  as  high  field  drift, 
layer.  This  approach  allows  to  obtain  high  firlAX/ft-ratios  and  high  output  power  at  high  speed. 

First  results  are  given. 


1.  Introduction 

InP  based  HFET  devices  have  many  advantages  concerning  their  RF-perforinance  compared 
to  GaAs  based  HFET  devices.  Very  high  output  power  has  been  achieved  with  InP-channel 
FETs  [1].  For  InAlAs/InGaAs/InAlAs-HFET's  grown  by  MBE  as  well  as  MOCVD  very  high  cut¬ 
off  frequencies  and  low  noise  performance  have  been  demonstrated  (2] .  Therefore,  it  seems 
attractive  to  combine  both  features  in  a  single  structure  and  here  a  novel  structure  with  a 
stepped  Quantum  Well  (QW)  channel  of  InGaAs  and  InP  between  InAIAs  barriers  is  proposed. 
The  idea  of  this  structure  design  shall  be  illustrated  considering  the  field-velocity  curves  for 
the  materials  used  in  the  composed  channel  and  barrier  materials  (3)  (Fig.  1). 

The  InGaAs  is  the  preferred  channel  material  for  the  low  field  range  since  the  electrons  gain 
their  maximum  velocity  already  at  low  fields.  For  the  transistor  operation  this  means  a  low 
sheet  resistance,  low  knee  voltage  and  high  f,  at  low  bias.  However  the  velocity  decreases 

sharply  at  high  fields  below  1 » 1 07  cm/s.  On  tire  other  hand,  for  the  InP  and  AlInAs  material 
the  electrons  reach  their  maximum  velocity  at  high  electric  field.  This  material  is  therefore 
preferred  to  obtain  a  short  transit  time  even  at  high  drain  bias.  However  the  low  mobility  at 
low  fields  implies  a  large  knee  voltage.  Combining  both  layers  in  one  device  represents  an 
optimum  condition  to  obtain  simultaneously  high  frnax  and  ft  values. 

In  such  a  structure  at  low  drain-source  bias  the  2-DEG-density  introduced  by  modulation 
doping  from  the  AlInAs  supply  layer  is  located  in  the  InGaAs  channel.  Increasing  the  drain 
bias  the  hot  electrons  transfer  into  the  second  part  of  the  channel,  which  is  in  this  case  InP. 
As  the  conduction  band  edge  of  InP  is  below  that  of  the  InAIAs  barrier,  the  electrons  are 
expected  to  be  still  partially  confined  to  the  stepped  QW-channel  and  only  at  very  high  field 


494 


VII-2 


0-7803-0894-8/93  $3.00  ©  1993  IEEE 


they  will  spill  out.  Although  to  our  knowledge  the  exact  intervalley  and  real  space  transfer 
mechanisms  have  not  been  determined  for  such  a  structure.  It  is  expected  that  the  electrons 
transfer  from  tire  InGaAs  F-center-valley  into  the  InP  T-center-valley  and  partially  into  the  T- 
valley  of  the  AlInAs.  From  there  they  might  be  transferred  into  the  InP  or  InAlAs  upper- 
valleys.  To  prevent  noticable  transfer  into  the  InGaAs  L-valley  this  layer  is  designed  as  a  QW- 
channel  as  thin  as  possible.  In  other  words,  considering  the  velocity-field  curves  of  Fig.  1  it  is 
desired  that  the  electrons  transfer  from  the  InGaAs  velocity-field-curve  onto  the  InP  velocity- 
field- curve  so  that  a  large  high-velocity,  high-field-envelope-curve  results. 


Fig.  1  Velocity  Field  Curves  of  the  Materials  used  [3] 


Usually,  in  a  standard  HFET  structure  on  InP  an  InAlAs /InGaAs  superlattice  (SL)  is  insetted 
to  smooth  out  the  surface  between  the  InAlAs-buffer  layer  and  the  InGaAs  channel.  In  the 
light  of  the  novel  concept  presented  here  this  interfacial  SL  can  also  be  considered  and 
designed  to  be  an  active  channel  part.  Therefore  the  alternative  structure  design  uses  an 
InGaAs /InAlAs  superlattice  instead  of  the  InP-sub-channel  with  a  similar  effective  conduction 
band  edge  and  a  effective  thickness  to  that  of  InP.  This  phoshorous  free  structure  design  is 
very  similar  to  the  standard  InGaAs-HEMT  structure  and  allows  to  grow  the  samples  with  the 
well  established  Solid  Source  MBE  technique  and  to  use  standard  InP-HEMT  processing 
technology. 


2.  Layer  Design  and  Characterization 

Several  specific  structures  have  been  investigated  for  each  type  of  design:  (Al)  and  (A2)  for  the 
InP  and  (B)  for  SL-sub-channel.  The  InP  containing  channel  structures  (Al)  and  (A2)  have 
been  grown  by  MOCVD.  For  the  AlInAs/InGaAs  SL  structures  standard  Solid  Source  MBE 
was  used.  All  layers  are  grown  on  semi-insulating  [100]  substrate.  Structure  (Al)  is  lattice- 
matched  to  InP.  The  configuration  is  shown  in  Fig.  2.  First  an  undoped  buffer  of  95  nm  is 
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grown  with  a  2  nm  p-S-doped  spike  (p  =  1-2*  1012  cm  2),  located  in  the  center  of  the  AlInAs 
buffer  to  compensate  the  unintentional  n-doping  in  the  AlInAs.  Then  the  InP  sub-channel 
with  a  thickness  of  40  nm  is  grown  followed  by  the  1 5  nm  thick  InGaAs-channel.  To  separate 
the  electrons  from  their  donor  atoms  a  5  nm  thick  spacer  was  introduced.  The  30  nm  InAlAs- 
supply  layer  is  uniformly  doped  with  a  doping  concentration  of  1.7*1018  cm'3.  Finally  this  is 
followed  by  a  5  nm  thick  highly  doped  InGaAs  cap  contact  layer. 

It  is  well  known  that  the  mobility  in  the  InGaAs  channel  part  can  be  further  improved  by 
increasing  the  In-content  introducing  this  as  a  strained  layer  [7],  To  enhance  the  Schottky 
barrier  height  an  Al-rich  InAlAs  strained  layer  may  also  be  used  [8].  However  these 
pseudomorphic  structures  have  up  to  now  only  been  realized  using  MBE  techniques. 

Structure  (A2)  is  pseudomorphic  on  InP.  Thus,  here  it  has  been  attempted  to  transfer  the 
advantage  of  the  strained  layers  to  the  MOCVD  technique.  The  structure  is  shown  in  Fig.  3. 
The  InP  sub-channel  is  unchanged.  The  InGaAs  channel  part  is  subdivided  into  a  15  nm 
lattice- matched  part  and  a  10  nm  strained  part  with  an  In-content  of  60%  at  the  interface  to 
the  AlInAs  spacer  layer.  The  AlInAs  supply  layer  is  pulse  doped  with  a  doping  concentration 
of  8*1018cmr3.  To  improve  the  barrier  height  for  the  Schottky  contact  a  strained  Al  59In  41As 
layer  of  10  nm  was  inserted  into  the  AlInAs  buffer  located  as  seen  from  Fig.  3. 
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and  strained  AlInAs  part 


The  alternative  structure  design  (B)  is  shown  in  Fig.  4.  A  0.5  pm  thick  AlInAs  buffer  was 
grown  underneath  the  InGaAs/AlInAs  superlattice.  Several  SL  configurations  have  been 
grown  with  different  SL  spacings  resulting  in  various  effective  conduction  band  levels.  The 
different  superlattices  contain  7  periods  of  4nm/4nm,  4nm/3rxm  and  4nm/2nm 
AlInAs/InGaAs  well  and  barrier  thicknesses.  The  InGaAs  channel  is  15  nm  thick  in  both 
cases.  The  15  nm  thick  AlInAs  supply  layer  is  doped  to  6*1018cnv3.  In  the  AlInAs  supply  layer 
a  20  nm  thick  undoped  layer  is  inserted  at  the  expected  gate  recess  depth  to  improve  the 
Schottky  barrier  characteristics.  A  highly  doped  GalnAs  cap  layer  concludes  the  sequence. 
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Fig.  4  Structure  design  with  SL  configuration.  For  sample  B  the  thicknesses  are 
AlInAs/InGaAs  4/3nm.  The  period  is  7. 

The  structures  were  optimized  using  the  one-dimensional  charge  control  programm  CBAND 
[4],  which  solves  SchrOdinger  and  Poisson  equation  selfconsistently.  The  calculated  band 
diagrams  for  the  two  stepped-QW  (Al.  A2)  and  the  SL  (B)  structures  with  a  SL  period  of 
3nm/4nm  are  shown  in  Fig.  5,  6  and  7. 
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Fig.  7  Band  diagram  for  the  SL  configuration 


In  Fig.  5  the  stepped  channel  configuration  can  clearly  be  seen  (shown  for  the  case  Vg=0).  The 
entire  2DEG-density  is  confined  in  the  InGaAs  channel  part  from  which  the  hot  electrons  are 
launched  into  the  InP  sub-channel.  The  band  discontinuity  between  the  InP  sub-channel  and 
the  InGaAs  well  is  250  meV.  In  comparison  to  the  unstrained  case,  the  strained  layer  part  of 
sample  (A2)  (Fig.  6)  leads  to  a  shift  of  the  subband  levels  to  smaller  energies  and  the  interface 
discontinuity  to  both  the  InAlAs  spacer  layer  and  InP  sub-channel  is  increased  as  expected. 

In  Fig.  7  the  band  diagram  for  the  InGaAs /SL-HFET  is  plotted.  The  lowest  energy  level  of  the 
SL  represents  an  effective  discontinuity  to  the  conduction  band  of  the  InGaAs  well  of  about 
210  meV  which  is  close  to  that  of  the  InGaAs/InP  case. 

The  PL  spectra  (Fig.  8  and  Fig.  9)  are  used  to  determine  the  energy  gaps  of  the  InGaAs 
channels  and  additionally  the  2DEG-density  is  extracted.  Sample  (Al)  shows  two  clear 
transitions  and  the  Fermi  edge  can  be  seen,  which  means  that  two  subbands  are  occupied  as 
expected  from  the  calculation.  For  sample  (A2),  the  strained  QW  layer,  a  small  red  shift  occurs 
and  the  energy  difference  between  the  two  transitions  becomes  smaller.  Also  both  subbands 
are  occupied.  In  both  cases  the  entire  2DF.G- density  is  confined  to  the  InGaAs-QW  part. 
Therefore,  a  strained  layer  as  commonly  used  in  MBE  technology  can  also  be  introduced  in 
MOCVD  structures  without  degradation. 

In  Fig.  9  the  two  PL  spectra  of  sample  (B)  with  different  SL  thicknesses  of  4nm/3nm  and 
4nm/2nm  InAlAs/InGaAs  are  compared.  The  two  peaks  on  the  low  energy  side  are  transitions 
from  the  QW,  where  the  first  two  subbands  are  occupied.  The  peaks  on  the  high  energy  side 
originate  from  the  SL.  For  the  SL  with  the  4nm/2nm-period  the  subband  level  shifts  to  higher 
energy  compared  to  the  4nm/3nm-period  SL  and  therefore  the  PL  transition  should  appear  at 
higher  energy.  This  shift  could  be  seen  in  the  PL  spectrum.  Again  the  2DEG-densiy  is  well 
confined  to  the  InGaAs  channel  part. 
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Fig.  8  PL  spectra  of  sample  A1  and  A2  Fig.  9  PL  spectra  of  sample  B 

From  the  differences  between  the  Fermi  levels  and  the  occupied  subbands  the  sheet  carrier 
concentrations  are  determined.  For  sample  (Al)  a  sheet  carrier  concentration  of  2.2*1012cm~2, 
for  (A2)  2,5*1012cnr2  and  for  (B)  2,3*  10 12  cm-2  is  extracted.  This  is  in  reasonable  agreement 
with  the  theoretical  data. 

3.  Technology 

All  structures  are  isolated  by  wet  chemical  mesa  etching.  In  the  case  of  sample  (Al)  and  (A2) 
the  mesa  etching  was  performed  selectively  using  preferential  etching  of  InGaAs,  InAlAs  and 
the  InP  sub-channel.  First  the  InGaAs  and  AlInAs  was  etched  down  to  the  InP  sub-channel. 
Next  the  InP  sub-channel  was  etched  selectively  and  finally  the  buffer  was  etched.  The 
InGaAs  and  InP  layers  have  to  be  undercut  slightly  to  prevent  a  short  circuit  between  these 
layers  and  the  gate  metallization  crossing  the  mesa  slope.  The  present  technology  allows  4  to 
5  V  gate-drain  bias. 

Ohmic  contacts  were  patterned  by  lift-off  using  a  two  layer  resist  process  [5],  The  GeNiAu 
contacts  were  E-Beam  evaporated  and  annealed  by  RTP  at  410°  C. 

The  gates  were  defined  by  optical  lithography  with  the  same  two  layer  resist  process  as  used 
for  tire  ohmic  contacts  resulting  in  gate  lengths  between  0,5  and  1,2  pm.  The  gate  was 
recessed  wet  chemically.  The  gate  metallization  is  TiPtAu. 
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4.  DC  and  RF  Results 


The  output  characeristics  for  the  strained  InGaAs/InP  stepped  channel  sample  and  the 
InGaAs/SL  sample  are  shown  in  Fig.  10  and  Fig.  11.  Very  similar  characteristics  have  been 
obtained  for  the  MOCVD  grown  and  the  MBE  grown  structures.  No  kink  effect  appears  and 
the  small  output  conductance  indicates  a  well  compensated  buffer  layer  by  the  p-5-puls.  The 
maximum  drain  current  (I^max) is  500  mA/ mm  to  400  mA/ mm. 


Fig.  10  Output  characteristic  for  the  stepped  InGaAs/InP  QW-Channel  HFET 


Drain-Source  Voltage  (V) 


Fig.  11  Output  characteristic  for  the  InGaAs/SL  HFET 
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The  peak  transconductances  are  between  450  mS/mm  (sample  Al)  (Fig.  9)  and  400  mS/mm 
(sample  B). 

S-parameter  measurements  were  carried  out  between  50  MHz  and  40  GHz.  To  extract  the 
small  signal  circuit  diagram  parameters  the  commercially  available  NP5  software  from  ATN 
was  used.  The  main  device  parameters  obtained  are  listed  in  Table  I. 

For  the  0.6  pm  gate  length  stepped  QW-HFET  a  ft  of  40  GHz  and  a  fj^  of  85  GHz  has  been 
achieved  (Fig.  12)  at  a  drain  bias  condition  of  2.5V  which  results  in  a  f^/ft  ratio  of  2.1.  In 
the  case  of  the  InGaAs/SL  HFET  a  ft  of  35  GHz  and  a  f^  of  85  GHz  are  extracted  (Fig.  13), 
which  results  in  a  frnax/ft  ratio  of  2.4.  These  data  are  very  comparable  since  high  frnax/ft  ratios 
are  normally  achieved  at  high  drain  bias.  The  differences  in  ft  could  be  associated  with 
parasitic  elements. 


Fig.  12  |H2  ll2,  MAG,  MSG  over  Frequency 
for  the  stepped  channel  sample 


Fig.  13  \H2  ll2,  MAG,  MSG  over  Frequency 
for  the  InGaAs/SL  sample 


Table  I 


Sample 

InGaAs/InP  stepped 
Channel 

strained  InGaAs/InP 
stepped  Channel 

InGaAs/SL 

Gate  Lenth 

Lg  =  0.6  pm 

Lg  =  1.2  pm 

Lg  =  0.6  pm 

Idmax  (mA/mm) 

500 

350 

460 

Smmax  (mS/mm) 

400 

450 

400 

ft  (GHz) 

40 

20 

35 

W  (GHz) 

85 

37 

85 

Ggs/Ggd 

5.3 

8 

12 

w 

2,1 

1,85 

2,4 
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5  Discussion  and  Conclusion 


A  novel  concept  has  been  presented  to  combine  and  improve  high  speed  and  high  power  gain 
performance  of  InP  based  HFETs  by  introducing  a  composed  channel.  In  the  first  part 
(InGaAs)  the  electrons  are  confined  in  the  deep  channel  and  are  launched  into  the  second 
sub-channel  of  InP.  which  features  a  broad  velocity-field  characteristic.  FETs  with  this 
stepped  channel  concept  and  with  0.6  |im  gate  length  have  been  realized  and  tested  up  to  3V 
drain  bias.  At  the  optimum  bias  point  a  ft  of  40  GHz  was  obtained  with  an  associated  of 
80  to  85  GHz.  For  a  drain  bias  of  2.5V  this  results  in  a  favorable  f^/ft  ratio  of  2.1  to  2.5. 
High  fj^/fj-ratios  are  normally  only  achieved  at  high  drain  bias.  A  further  important 
improvement  is  expected  operating  at  higher  drain  bias,  however  the  presented  devices  are 
still  plagued  with  premature  breakdown  at  the  mesa  edge. 

To  quantitatively  assess  the  predicted  advantage  of  a  large  high-velocity  high-field  drift  region 
an  analysis  as  suggested  in  [6]  was  performed.  Here  the  S- parameters  are  scanned  across  the 
entire  operating  field  of  Vg  and  Vd.  The  analysis  of  the  small  signal  parameters  Cgs,  Cgd,  gm 
and  gds  allows  to  extract  the  intrinsic  length  of  the  drift  region  which  is  a  figure  of  merit  for 
4nax  optimization.  The  drift  region  length  L^g-  is  given  by  Eq.  1. 

L^ff  =  Lg  (gW/ Cgs)2*((Cgs/ Cgd)- 1)  Eq.  1 

It  can  be  plotted  as  a  function  of  the  intrinsic  channel  voltage  drop  across  this  region  given  by 
Eq.  2. 

^Drift  =  VD  -  (Rs+RdMd  -  EcLg  +  0.  l(Vg  -  Rf^o)  Eq.  2 

The  deduction  of  Eq.  1  and  2  and  the  meaning  of  the  symbols  are  given  in  [6]  found  in  these 
proceedings. 

This  procedure  has  been  used  to  compare  both  structure  type  (A)  and  (B).  In  Fig.  14  the 
development  of  L^g  with  the  intrinsic  drift  voltage  (VDrlft)  is  shown.  The  common  base  for  the 
comparison  is  the  gate  bias  condition  for  optimum  ft.  One  can  see,  that  develops 
essentially  linear.  In  the  interpretation  of  the  high-field  drift  region  as  space  charge  layer  the 
LDerVD'characteristics  will  depend  on  the  lateral  space  charge  distribution.  A  linear 
relationship  can  be  explained  by  a  hyperbolic  space  charge  profile  with  a  high  electron 
density  at  the  gate  end  and  a  small  electron  density  travelling  at  high  overshoot  velocity  at 
the  drain  end.  If  a  high  velocity  is  reached  at  high  drain  field,  tire  linear  LDefirVDrift 
relationship  is  maintained.  This  is  the  case  for  the  stepped  InP  channel  device  up  to  the 
maximum  voltage  applied.  If  the  overshoot  velocity  decreases  to  the  high  field  saturated 
velocity,  the  slope  should  decrease.  This  tendency  is  indeed  observed  for  the  InGaAs  channel 
devices.  Shown  are  two  devices:  structure  (B),  which  comes  very  close  to  the  standard  InGaAs 
HEMT  structure  and  a  standard  InGaAs-HEMT  with  0.3  gm  gate  length,  which  has  been 
analysed  in  [6]. 

In  conclusion,  it  has  been  possible  to  demonstrate  a  novel  stepped  channel  concept  for  InP- 
based  HEMTs.  Tire  heterostructure  grown  by  MOCVD  included  pseudomorphic  layers.  First 
RF-results  with  InP-sub-channel  indicate  indeed  an  improved  high-field  drift  region.  However, 
devices  with  a  InGaAs/InALAs  sub-channel  show  very  similar  behavior  to  standard  InGaAs 
HEMTs.  Although  the  technology  for  this  novel  InGaAs/InP  channel  device  has  essentially 
been  established,  gate  to  channel  breakdown  has  still  to  be  improved  to  demonstrate  the  full 
potential  of  this  structure. 
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Vdrift  [V] 

Fig.  14  Drift  region  as  function  of  the  effective  drain  voltage  plotted  for  the  two  types 
of  configuration 
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Abstract 

Growth  of  pseudomorphic  MODFET  structures  on  patterned  substrate  was  investigated 
as  means  of  increasing  the  critical  layer  thickness  of  strained  layers.  Prior  to  growth,  semi- 
insulating  GaAs  substrates  were  patterned  and  etched  using  chemically  assisted  ion  beam 
etching  to  define  a  series  of  mesas.  Double-doped  pseudomorphic  MODFET  layers  were 
then  grown  on  the  substrates  by  molecular  beam  epitaxy.  To  fabricate  MODFETs  on  the 
resulting  non-planar  wafer,  a  new  fabrication  technique  has  been  developed. 

Introduction 

The  epitaxial  thickness  of  a  strained  layer  is  limited  by  the  critical  layer  thickness  due  to 
the  formation  of  misfit  dislocations1.  However,  it  has  been  previously  demonstrated  that  the 
density  of  misfit  dislocations  can  be  reduced  by  limiting  the  growth  areas2’3.  Localized  growth 
areas,  defined  by  patterning  the  initial  substrate,  have  been  previously  used  to  fabricate 
InGaAs/GaAs  photodetectors  with  enhanced  quantum  efficiency4. 

Thicker  strained  layers  with  higher  InAs  mole  fractions  are  desired  in  MODFET  channels 
for  higher  sheet  densities  and  higher  output  currents.  In  this  work,  the  patterned  substrate 
technique  was  explored  for  pseudomorphic  InGaAs/AlGaAs  MODFETs.  Each  device  spans 
a  group  of  mesas  that  are  defined  in  the  initial  patterning  step.  A  trench  planarization 
technique  and  a  vacuum-passivated  gate  technique  is  then  used.  To  assess  the  quality  of  the 
device  layers  after  the  growth,  an  open  channel  current  measurements  scheme  was  utilized 
on  test  structures  described  in  the  following  section. 
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Figure  1.  Test  structure  for  open  channel  current  study.  Active  areas  range  from  25  fj,m2  to 

10,000  /im2. 

Study  of  Open  Channel  Currents 

A  series  of  isolated  mesa  with  a  range  of  active  areas  were  first  patterned  and  etched 
in  semi-insulating  GaAs  using  Cl2-based  chemically  assisted  ion  beam  etching  (CAIBE) 
(Figure  1).  On  these  samples,  a  variety  of  double-doped  pseudomorphic  MODFET  structures 
with  In^Gai-iAs  channels  (Figure  2)  were  then  grown  by  molecular  beam  epitaxy  (MBE). 
The  channel  thickness  was  120A,  while  the  InAs  mole  fraction  ranged  from  0.2  to  0.3.  Two 
ohmic  contacts  were  deposited  on  each  mesa  by  evaporation  of  100A  Ni,  300A  Ge,  600A  Au, 
1000A  Ag,  and  1000A  Au,  followed  by  rapid  thermal  annealing  at  450°  C  for  15  seconds  in 

Ar/H2  ambient. 

DC  Measurements  were  performed  on  the  test  structures  to  investigate  the  effects  of 
channel  currents  on  InAs  mole  fractions  and  mesa  areas.  As  illustrated  in  Figure  3,  the 
currents  decrease  as  the  InAs  mole  fraction  was  increased.  Furthermore,  on  the  30%  InAs 
sample,  currents  also  decrease  gradually  as  the  mesa  area  is  increased.  These  observations 
indicate  that  the  density  of  the  misfit  dislocations  is  considerably  higher  on  the  30%  indium 
sample,  indicating  perhaps  that  the  growth  conditions  are  not  yet  optimal. 

MODFET  Fabrication  and  Results 

For  device  integration  on  the  relatively  mesas  (10  pm  by  10 /xm),  a  dielectric  planariza¬ 
tion  and  vacuum-passivated  gate  technique  have  been  developed  to  fabricate  pseudomorphic 
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Figure  2.  Layer  structure  of  In^Ga^As  MODFETs.  InAs  mole  fractions  range  from  20%  to  30% 
for  the  open  channel  current  study  (no  gate  present). 
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Figure  3.  Variation  of  open  channel  currents  as  a  function  of  InAs  mole  fraction  and  mesa  area. 

The  test  structure  shown  in  Figure  1  was  utilized  for  these  measurements. 

MODFETs  that  span  many  mesas.  The  device  structure  is  embedded  in  a  coplanar  waveg- 
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uide  configuration  for  on-wafer  measurements  (Figure  4).  Ino.2Gao.8As  MODFETs  with 
0.3  pm  gate  length  and  200  pm  gate  width  were  fabricated  to  demonstrate  the  patterned 
substrate  growth  and  fabrication  techniques.  Figure  5  is  an  SEM  of  the  cross-section  of  the 
MODFET,  showing  the  planarized  trenches  on  the  source  and  drain  sides.  Unetched  Hall 
mobility  and  sheet  carrier  density  were  5113cm2/V-sec  and  5.87xl012  cm-2  at  300  K.  The 
current-voltage  characteristics  are  shown  in  Figure  6. 

A  linearly  graded,  120A-wide,  InxGai_xAs  MODFET  structure  , where  x  is  graded  from 
0.16  up  to  0.27  and  then  down  to  0.19  (triangular),  were  also  grown  and  processed.  The  gate 
length  for  the  linearly  graded  MODFET  is  approximately  0.4  pm.  The  IV  measurements, 
shown  in  Figure  7,  illustrate  similar  characteristics  as  the  uniform  channel  MODFET  above. 
However,  the  graded  MODFETs  showed  smaller  knee  voltages  with  lower  on-resistance. 
This  is  an  indication  of  better  transport  properties  in  the  graded  channel  structure  as  a 
result  of  the  uniform  and  symmetric  electron  distribution  in  the  center  of  the  quantum 
well5.  In  both  MODFET  structures,  maximum  open  channel  currents  of  approximately 
750mA/mm  and  output  currents  of  360mA/mm  at  VS5=0V  were  measured.  For  the  two 
pseudomorphic  MODFET  structures  fabricated  on  patterned  GaAs  substrates,  unity  current 
gain  frequency,  ft  of  50  GHz  and  maximum  frequency  of  oscillation,  fmax  in  excess  of  100  GHz, 
with  peak  extrinsic  transconductances  of  380mS/mm  were  obtained.  The  gate  lengths  of 
the  MODFETs  can  be  further  reduced  down  to  a  O.lpm-scale  to  obtain  higher  frequency 
response. 


Summary 

In  this  paper,  a  new  fabrication  sequence  for  pseudomorphic  MODFETs  on  patterned 
GaAs  substrates  was  described.  An  open  channel  measurement  technique  was  developed  was 
used  to  gauge  the  effects  of  misfit  dislocation  densities  in  the  strained  layer  channel.  For  a 
MODFET  consisting  of  a  120A-wide  strained  layer  channel  with  a  30%  InAs  mole  fraction, 
the  currents  were  still  considerably  lower,  believed  to  be  as  a  result  of  higher  density  of 
misfit  dislocations.  Therefore,  the  patterned  substrate  technique  did  not  appear  to  reduce 
the  density  of  misfit  dislocations  on  the  30%  InAs  sample. 
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Figure  4.  SEM  of  a  pseudomorphic  MODFET  fabricated  on  the  patterned  GaAs  substrate.  The 
vacuum-passivated  gate  sits  on  a  group  of  mesas  that  are  isolated  by  a  planarized  layer  of  SiC>2. 


Figure  5.  SEM  of  a  pseudomorphic  MODFET  cross-section.  The  vacuum-passivated  T-gate  sits 
in  the  middle  with  the  planarized  trenches  after  the  source  and  drain. 
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ABSTRACT 

A  new  High  Electron  Mobility  Transistor  (  HEMT  )  using  InAlAs/InGaAs  grown  on 
GaAs  has  been  successfully  realized.  This  device,  with  an  In  content  close  to  30%,  presents 
several  advantages  over  conventional  pseudomorphic  HEMT  on  GaAs  and  over  lattice 
matched  HEMT  on  InP.  To  accomodate  the  mismatch  between  the  active  layer  and  the  GaAs 
substrate,  a  metamorphic  buffer  has  been  grown  at  low  temperature.  High  electron  mobility 
with  high  two  dimensional  electron  gas  density  (  25000  cm2/V.s  with  3xl012  cm-2  at  77K  )  as 
well  as  high  Schottky  barrier  quality  (  Vb^O.bSV  with  r|=l.l  )  have  been  obtained.  A  device 
with  a  0.4x150  pm2  gate  geometry  has  shown  a  transconduciance  as  high  as  700  mS/mm  at  a 
current  density  of  230  mA/mm.  The  measured  /j-was  45  GHz  and  fmax  was  115  GHz.  These 
values,  showing  the  great  potentiality  of  this  structure,  are,  to  the  authors  knowledge,  the  first 
reported  for  submicrometer  gate  metamorphic  InAlAs/InGaAs/GaAs  HEMTs  with  an  Indium 
content  of  30%. 

I.  INTRODUCTION 

For  several  years,  the  work  on  InGaAs  based  High  Electron  Mobility  Transistors 
(  HEMTs  )  has  shown  the  superiority  of  these  structures  over  GaAs  MESFETs  and  over 
conventional  AJGaAs/GaAs  HEMTs.  Pseudomorphic  HEMT  on  GaAs  (  PM-HEMT  )  is  now 
commercially  available,  and  has  shown  excellent  performance  in  the  field  of  low  noise  and 
power  amplifiers  [1]>[2],  while  lattice  matched  HEMT  on  InP  (  LM-HEMT  )  has  shown  world 
record  performance  in  the  field  of  low  noise  amplifiers  in  the  millimeter  wave  range  [3]>[4],  For 
these  devices,  the  main  limitations  are  the  following: 

In  PM-HEMT,  Indium  content  is  limited  to  25-30%  to  preserve  high  layer  quality. 
Therefore,  the  conduction  band  discontinuity  AEc  is  limited  to  about  0.35  eV  and  the  sheet 
carrier  density  is  limited  to  about  2.0xl012cm-2  for  one  quantum  well.  In  addition,  the  electron 

transport  properties  (  mobility,  peak  velocity .  )  in  strained  InGaAs  are  lower  than  in 

relaxed  InGaAs  with  the  same  indium  content.  In  fact,  it  was  shown,  using  Monte  Carlo 
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calculation  including  strain  effects,  that  the  electron  transport  in  the  channel  of  a  PM-HEMT  is 
similar  to  the  electron  transport  in  a  conventional  GaAJAs/GaAs  HEMT  [5], 

In  LM-HEMT,  the  power  performance  is  limited  by  the  low  value  of  the  InGaAs 
bandgap  (  0.75  eV  )  which  induces  impact  ionization  in  the  channel  for  drain  voltages  higher 
than  1.5V  [6],  In  addition  the  built-in  potential  on  Iitq  52A10  48As  (  Vb  ~  0.55V  )  is  rather  low 
and  usually  the  Schottky  barrier  quality  is  rather  poor  on  this  material  [3], 

To  overcome  these  difficulties,  a  new  structure  showing  higher  electron  velocity  than 
in  PM-HEMTs  and  larger  breakdown  voltage  than  in  LM-HEMTs  is  proposed.  The  design  of 
this  new  structure  is  based  on  the  following  considerations. 

Let  us  first  consider  the  bandgap  variation  of  InAlAs  and  InGaAs  ternary  alloys  as  well 
as  the  conduction  band  discontinuity  AEc  at  the  InAlAs/InGaAs  heterojunction  interface  as  a 
function  of  the  Indium  content  (  figure  1  ).  To  plot  AEc,  the  In  content  in  InAlAs  has  been 
chosen  to  ensure  lattice  matching  and  the  rule  AEc/AEg-0.65  has  been  used  Figure  1  shows 
that  the  bandgap  energy  of  the  InGaAs  and  InAlAs  alloys  is  decreasing  with  increasing  In 
content,  while  the  conduction  band  discontinuity  AEc  shows  a  maximum  for  an  In  content  of 
about  30%  as  the  InAlAs  bandgap  becomes  direct.  So,  it  seems  interesting  to  use  unstrained 
InGaAs/InAlAs  heterojunction  with  an  Indium  content  close  to  30%  for  HEMT  realization  [7] 
Such  an  active  layer  has  the  following  advantages:  L  ’ 

(i)  the  high  conduction  band  discontinuity  (  AEc  -  0.65-0.7  eV  )  leads  to  high  sheet 
carrier  density  and  good  electron  confinement, 

(ii)  unstrained  material  is  better  to  produce  high  electron  velocity  [5], 

(iii)  the  high  bandgap  of  InAlAs  involves  better  Schottky  barrier  quality, 

(iv)  the  high  InGaAs  bandgap  allows  higher  drain  voltage  operation  and  reduces  impact 
ionization. 

It  should  be  noted  that  similar  considerations  have  been  given  in  reference  [8] 
Unfortunately,  no  commercial  substrate  allows  to  grow  the  lattice  matched  InxGa,.xAs- 
InyAJ].yAs  system  for  x  and  y  close  to  0.30.  So  a  relaxed  I^Ga^As  buffer  ,  referred  to  herein 

as  metamorphic  ( MM )  buffer  [9]  grown  on  the  GaAs  substrate  is  needed.  This  buffer  has  two 
functions: 

(0  To  accomodate  the  large  lattice  mismatch  (  ~  2%  )  between  the  active  layer  and  the 
GaAs  substrate  by  the  formation  of  misfit  dislocations. 

(ii)  To  trap  these  misfit  dislocations  and  to  prevent  their  propagation  in  the  active  layer 
which  is  grown  on  this  buffer. 

II  MATERIAL  GROWTH  AND  CHARACTERIZATION 

Several  InGaAs  buffers  were  grown  on  GaAs  using  a  RIBER  32P  MBE  machine. 
to,Previous  works  Performed  in  the  field  of  the  growth  of  relaxed-mismatched 
vm  fl  3  °W  §rowth  temPerature  (  350°C  )  was  chosen  to  avoid  island  mode  growth  and 

3  j  l  j  UX  rat'°  °f  25  WaS  USed'  The  Indium  content  measured  by  photoluminescence  at  77K 
and  by  double  crystal  X-Ray  diffraction  was  close  to  30%. 
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Satisfactory  results  have  been  obtained  with  two  different  types  of  buffer.  Buffer  #1  is  a 
1-pm  linear  Indium  composition  graded  layer  of  InGaAs,  with  xjn  varying  from  10  to  30%, 
grown  on  a  thin  GaAs  buffer  ( figure  2(a) )  while  Buffer  #2  is  more  complex:  50  nm  of  GaAs, 
450  nm  of  Iity  jgGao  ggAs,  a  linear  composition  graded  layer  of  100  nm  to  xIn=30%  and  450 
nm  of  Ino  jGap  7AS  (  figure  2(b) ). 

In  these  two  cases,  the  dislocation  density,  estimated  by  Cross  Sectional  Transmission 
Electron  Microscopy,  is  less  than  107  dislocations/cm2.  Nomarski  interference  observations 
have  shown  cross-hatching  in  both  buffers,  indicating  strain  relaxation  in  the  structure  [11], 

According  to  these  satisfactory  results,  the  growth  of  HEMT  active  layers  on 
Metamorphic  buffer  has  been  carried  out. 

The  MM-HEMT  active  layer  was  grown  on  the  MM-buffer  at  higher  substrate 
temperature  (  500°C  ).  It  is  constituted  by  200  nm  of  Iity  29AI0  7]  As,  100  nm  of  undoped 
InojGa^As,  3  nm  of  111^  29 A1q  71  As  spacer,  a  30  nm  of  undoped  Iity  29AI0  7}As  electron 
supplying  layer  and  a  In^  gGa^  7AS  cap  layer  (  figure  3  ).  For  electron  supplying  layer,  both 
bulk  doping  (  20  nm  doped  at  2xl024  nr3  )  and  planar  doping  (  5  =  5xl016  m'2  )  were  used. 
The  influence  of  the  doping  technique  on  the  device  performance  was  found  to  be  similar  to 
those  observed  in  pseudomorphic  HEMTs.  Concerning  the  cap  layer,  both  undoped  cap  and 
doped  cap  were  used.  However,  even  in  the  case  of  the  undoped  cap  layer,  fairly  good  access 
resistances  (  0.6  to  1.0  to  fi  mm  )  were  obtained  due  to  the  high  sheet  carrier  density  in  the 
channel. 

Van  der  Pauw-Hall  patterns  were  fabricated  on  as  grown  layers.  Figure  4  shows  the 
measured  Hall  mobility  pH  as  a  function  of  the  measured  sheet  carrier  density  nH.  At  room 
temperature  ,  hall  mobilities  as  high  as  8500  cm2/V.s  have  been  obtained  for  sheet  carrier 
densities  ranging  from  5xl0n  to  3xl012  cm"2.  At  77K,  the  highest  mobility  was  41000 
cm2/V.s  with  a  sheet  carrier  nH=3xl0n  cm*2  for  a  layer  with  a  200  A  spacer.  As  the  spacer 
thickness  decreases,  the  mobility  decreases  while  the  sheet  carrier  density  increases.  At 
nH=3xl012cm'2,  the  hall  mobility  is  close  to  25000  cm2/V.s.  These  values  compare  favourably 
with  pseudomorphic  layers,  confirming  the  potential  superiority  of  MM-HEMT  over  PM- 
HEMT. 

Ill  DEVICE  PROCESSING  AND  CHARACTERIZATION 

Long  gate  devices  (  Lg  =  3  to  10  pm  )  have  been  realized  by  using  conventional 
photolithography  and  wet  chemical  etching.  Mesa  isolation  is  realized  by  chemical  etching  with 
HgPO^based  solution.  For  ohmic  contact  realization,  Au/Ge/Ni  metals  were  evaporated  and 
annealed  at  420°C  for  1  minute.  After  gate  recess  etching,  Ti/Al  metals  have  been  evaporated 
to  realize  gate  contact.  I-V,  C-V  ,  magneto-resistance  and  magneto-transconductance 
measurements  have  been  realized  on  these  long  gate  devices  . 

The  Ids(Vds,Vgs)  characteristics  of  a  3x140  pm2  device  are  presented  in  figure  5. 
Extrinsic  transconductance  of  390  mS/mm  is  obtained  at  Vgs=+0.42V.  After  series  resistance 
correction,  this  corresponds  to  an  intrinsic  transconducatnce  of  530  mS/mm  and  it  should  be 
emphasized  that  this  value  is  extremely  high  for  a  3  pm  gate  length  device.  Another  interesting 
result  of  the  device  characterization  is  the  high  Schottky  barrier  quality  deposited  on  undoped 
I°o  .29AI0.  7lAs.  Built-in  potential  as  high  as  0.68V  has  been  obtained  with  an  excellent  ideality 
factor  (  1.1  ),  while  the  reverse  breakdown  voltage  is  larger  than  -10V  (  figure  6  ).  These 
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experimental  results  clearly  show  that  the  Schottky  barrier  realized  on  metamorphic  material  is 
better  than  that  usually  obtained  on  InAlAs  lattice  matched  on  InP.  The  capacitance-  voltage 
and  differential  mobility-voltage  characteristics,  deduced  from  magneto-transconductance 
measurements,  are  shown  in  figure  7. 

The  same  technology  was  used  to  realize  submicrometer  gate  length  MM-HEMTs.  The 
source-to-drain  spacing  is  nominally  1.5  pm.  The  0.4x150  pm2  Ti/Pt/Au  triangular  gate  was 
evaporated  through  a  recess  window  defined  by  e-beam  lithography.  The  measured  gate  length 
was  in  the  range  0.4-0.45  pm  across  the  wafer.  High  quality  Schottky  contact  has  been 
achieved  (  Vb  =  0.64  V  with  rj  =  1.17  ),  due  to  the  high  bandgap  value  of  In^  29AI0  71  As.  Due 
to  the  undoped  cap  layer,  the  maximum  reverse  breakdown  voltage  is  high  (  Ig  =  5  mA  at 
-10  V  )  while  the  access  resistance  is  rather  high  (  0.95  fi.mm  ). 


DC  current  voltage  characteristics  of  the  0.4x150  pm2  MM-HEMT  are  shown  in 
figure  8.  Good  pinch-off  behaviour  can  be  observed.  400  mA/mm  maximum  saturation  current 
^smax  *s  measured  at  Vgs  = +0.4  V.  S-parameters  measurement  was  performed  in  the  1- 
40GHz  frequency  range  using  on-wafer  probing.  The  small  signal  equivalent  circuit  was 
directly  determined  from  S-parameter  according  to  the  method  described  in  [11],  Figure  9 


shows  the  intrinsic  cutoff  frequency  fc=  ~  ^9 


and  the  intrinsic  transconductance  as  a  function 


of  the  gate  voltage  at  Vds  -  +2  V.  For  a  current  density  of  230  mA/mm,  a  maximum  of 
intrinsic  cutoff  frequency  of  65  GHz  is  obtained  with  an  associated  transconductance  of  700 


mS/mm  (  420  mS/mm  extrinsic  ).  The  average  electron  velocity  <v>  can  be  deduced  from  the 


intrinsic  cutoff  frequency  according  to  <v>  =  27tLg  fc.  For  the  0.4  pm  gate  metamorphic 
device,  the  calculated  value  is  <v>  =  1.6xl02  cm/s  showing  the  high  electron  transport 
properties  in  metamorphic  layers  confirming  thus  the  good  material  quality. 

The  current  gain  (  |H2il2  ),  the  maximum  stable  gain  (  MSG  ),  the  maximum  available  gain 
(  MAG  )  and  the  unilateral  gain  (  U  )  are  plotted  versus  frequency  in  figure  10.  The 
extrapolation  of  the  current  gain  to  unity  using  a  6  dB/octave  slope  yields  an  fT  of  45  GHz,  and 
the  extrapolation  of  the  unilateral  gain  U  gives  a  maximum  frequency  of  oscillations  fmax  of 
1 1 5  GHz.  This  high  value  of fmax  is  due  to  the  low  value  of  the  gate  to  drain  capacitance  Cgd 
(  about  53  fF/mm  )  resulting  from  the  quasi-planar  topology  of  the  device. 


IV  CONCLUSION 


Simple  theoretical  considerations  have  shown  that  Iitq  29A10  71As/Ino  3Gao  7As/GaAs 
HEMTs  can  be  a  good  candidate  for  applications  in  the  microwave  and  millimeter-wave  range. 
To  accomodate  the  mismatch  between  the  active  layer  and  the  GaAs  substrate  and  to  trap  the 
dislocations,  a  metamorphic  buffer  was  grown  at  low  temperature  between  theactive  layer  and 
the  GaAs  substrate.  Hall  mobility  as  high  as  41000  cm2/V.s  has  been  obtained  at  77K.  Both 
long  and  submicrometer  gate  metamorphic  HEMTs  have  been  successfully  realized.  High 
microwave  performance  was  obtained  (  grnmax  -  700  mS/mm  at  Vds  =  +2V  and  Ids  -  230 
mA/mm,  fc  =  65  GHz  and/OTax=115  GHz  ).  These  performances  are  better  than  those 
obtained  in  our  laboratory  for  a  pseudomorphic  HEMT  with  similar  gate  geometry.  These 
results  show  the  great  interest  of  metamorphic  approach  for  HEMT  realization. 
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Figure  1:  Bandgaps  of  InAlAs  and  InGaAs  and  related  conduction  band  discontinuity  AEc 

versus  Indium  content. 
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Figure  2:  Cross  sectional  view  of  metamorphic  buffers  #1  (a)  and  #2  (b) 
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Figure  9:  Intrinsic  cutoff  frequency  and  transconductance  versus  gate  voltage. 
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Figure  10:  Extrinsic  current  gain  ( |H2il2  ),  maximum  stable  gain  (  MSG  ),  maximum  available 
gain  ( MAG )  and  unilateral  gain  (  U  )  plotted  versus  frequency. 
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I.  INTRODUCTION 

Although  they  are  acknowledged  as  the  premiere  devices  for  the 
realization  of  millimeterwave  low-noise  amplifiers  [1],  InP-based  GalnAs 
channel  HEMTs  have  not  until  recently  demonstrated  high  performance  for 
high  power  amplifiers  in  the  millimeterwave  frequency  range.  This  is  due  to 
their  historically  lower  gate-to-drain  and  drain-to-source  breakdown  voltages 
compared  with  Ga As-based  pseudomorphic  HEMTs  (PHEMTs)  [2].  These 
low  breakdown  voltages  could  result  in  a  requirement  for  lower  drain 
voltage  operation,  and  hence  lower  drain  and  power-added  efficiency. 
However,  if  the  breakdown  voltage  limitations  can  be  overcome,  these 
devices  are  excellent  candidates  for  high-efficiency  millimeterwave  power 
amplifier  applications  due  to  their  high  fp  and  high  power  gain. 

We  have  conducted  a  systematic  effort  to  improve  the  breakdown 
voltage  of  these  devices  without  compromising  their  high  frequency 
performance,  and  have  demonstrated  millimeterwave  circuit  results  that  are 
comparable  to  or  exceed  those  of  the  best  GaAs-based  PHEMTs  in  the 
critical  area  of  power-added  efficiency  and  output  power.  This  improvement 
was  accomplished  by  a  combination  of  developments  in  material  growth  and 
device  design  and  fabrication. 
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II.  InP-BASED  HEMT  MATERIAL  AND  DEVICE  DESIGN 

A  materials  cross-section  of  a  typical  InP -based  millimeterwave  power 
HEMT  appears  in  Fig.  1.  An  ideal  power  HEMT  would  exhibit  a  high 
breakdown  voltage  and  saturated  channel  current  (for  high  power  density) 
combined  with  a  high  electron  mobility  and  velocity  (for  high 
millimeterwave  power  gain).  The  material  profile  for  these  devices  is 
designed  to  simultaneously  optimize  these  sometimes  conflicting  goals. 

An  improved  breakdown  voltage  is  accomplished  by  increasing  the  A1 
percentage  in  the  Schottky  layer  beyond  the  lattice-matched  48%  to  between 
60  and  70%.  The  resulting  increase  in  the  Schottky  barrier  height  (from  - 
0.5  eV  to  «  0.8  eV)  results  in  a  typical  increase  in  BVgds  from  4  V  to  over  7 
V,  as  shown  in  Fig.  2  [3].  The  growth  of  pseudomorphic  strained  AlInAs 
layers  for  power  HEMT  applications  is  detailed  in  [4].  The  breakdown 
voltage  is  further  improved  by  reducing  the  thickness  of  the  narrow  bandgap 
GalnAs  channel  layer  as  far  as  possible  before  channel  mobility  and  sheet 
charge  density  begin  to  degrade.  8 -doping  is  used  within  the  channel  to 
supply  additional  charge  and  in  order  to  minimize  the  density  of  ionized 
donors  near  the  gate  and  increase  the  current  density  at  a  given  breakdown 
voltage  [5]. 

InP  has  recently  been  employed  in  the  channels  of  these  devices  as  a 
replacement  for  GalnAs,  in  the  hope  of  improving  their  breakdown  voltages 
without  compromising  their  gain  at  millimeterwave  frequencies  [6]. 
Although  the  use  of  InP  alone  for  the  channel  may  result  in  a  drop  in  fx 
because  of  the  lower  electron  velocity  —  at  low  drain  bias  voltages  —  the 
combination  of  GalnAs  and  InP  in  the  channel  has  been  shown  to  increase 
the  breakdown  voltage  without  degrading  the  rf  performance  of  the  device 
[7]. 


The  material  layers  grown  for  our  InP -based  millimeterwave  power 
HEMTs  have  sheet  charge  densities  between  3.5xl012  cm'2  and  4.5xl012 
cm-2*  and  room  temperature  Hall  mobilities  between  8500  and  10,000 
cm2/Vsec.  The  resulting  0.15  pm  devices  exhibit  peak  fr’s  of  approximately 
150  GHz,  with  gm’s  of  650  mS/mm,  and  drain-source  breakdown  voltages 
(measured  at  1  mA/mm  current)  of  6-9  V.  This  combination  of 
characteristics  is  nearly  ideal  for  millimeterwave  power  amplifier 
applications. 

The  devices  are  fabricated  with  a  planar  process.  Source  and  drain 
ohmic  contacts  are  fabricated  with  a  AuGe/Ni/Au  alloy  with  drain-to-source 
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spacing  of  2  pm.  Boron  ion  implantation  was  used  for  device  isolation.  The 
gates  have  a  T-shaped  cross-section  and  a  footprint  of  0.15  pm.  The  wafers 
are  lapped  and  polished,  and  through  substrate  vias  are  wet  chemically 
etched. 


in.  InP-BASED  HEMT  MILLIMETERWAVE  POWER  AMPLIFIERS 
—  DISCRETE  DEVICE  AND  MMIC  RESULTS 

Millimeterwave  power  amplifiers  are  being  actively  developed  in  V- 
band  frequency  range  for  a  variety  of  applications.  We  have  recently 
demonstrated  extremely  high  power-added  efficiencies  from  our  InP-based 
GalnAs  channel  HEMTs  at  60  GHz.  We  have  obtained  an  output  power  of 
over  155  mW  from  a  single  device,  with  power-added  efficiency  of  30%  and 
linear  gain  of  8  dB.  When  power  combined  in  hybrid  form,  the  devices 
produced  288  mW  at  a  power-added  efficiency  of  20.4%.  By  using  a 
GalnAs/InP  composite  channel  structure  we  have  obtained  an  output  power 
of  174  mW  with  power-added  efficiency  of  30%.  A  summary  of  our  InP- 
based  HEMT  results  at  60  GHz  appears  in  Fig.  3,  along  with  a  comparison 
to  competing  results  based  on  GaAs  PHEMT  and  HBT  technologies  [8-10]. 
The  improved  performance  of  the  InP-based  HEMT  devices  is  attributed  to 
the  higher  gain  that  these  devices  exhibit  compared  to  a  comparable  GaAs- 
based  PHEMT.  This  significantly  improves  the  power-added  efficiency  of 
the  amplifier,  despite  the  fact  that  the  breakdown  voltage  may  be  somewhat 
lower  than  a  GaAs-based  PHEMT  of  comparable  gate  length. 

We  have  also  developed  a  family  of  44  GHz  InP-based  HEMT  MMIC 
power  amplifiers  for  satellite  communications  applications.  A  single-stage 
design,  shown  in  Fig.  4,  produces  250  mW  of  output  power  at  44  GHz,  with 
33%  power-added  efficiency  and  8.5  dB  small-signal  gain.  The  HEMT  is  a 
single  450  pm  x  0.15  pm  device,  producing  550  mW/mm  of  gate  periphery. 
The  output  power  and  power-added  efficiency  results  of  this  amplifier  is 
shown  in  Figure  5.  By  comparison,  the  best  GaAs  MESFET  MMIC  results 
at  this  frequency  produced  15%  power-added  efficiency  and  22.5  dBm 
output  power  [11].  Also  by  comparison,  a  PHEMT  power  amplifier  recently 
demonstrated  32%  power-added  efficiency  and  27  dBm  of  output  power  at 
35  GHz  [12].  So  the  performance  of  these  MMICs  is  comparable  to  or 
exceeds  that  of  the  best  GaAs  results  reported  to  date. 
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IV.  CONCLUSIONS 


InP  HEMT  power  amplifier  technology  is  still  relatively  immature 
compared  with  GaAs  PHEMT  technology.  Despite  this,  the  results 
presented  here  demonstrate  the  impressive  potential  of  the  technology  for 
future  millimeterwave  systems  that  require  high  efficiency  power 
amplification.  Future  work  on  the  technology  will  involve  further 
improvements  in  breakdown  voltage,  device  yield,  and  reliability. 
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Fig.  1  -  Material  Profile  of  the  InP-based  millimeterwave 
power  HEMTs. 


Fig.  2  -  Improvement  in  gate-to-drain-source  breakdown 
(BVgds)  as  a  function  of  Al%  in  the  Schottky  layer  [3]. 
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Abstract 

In  this  paper  we  report  about  our  investigation  of  the  introduction  of  a  highly  p- 
doped  very  thin  surface  layer  in  combination  with  GalnP  as  the  wide  bandgap 
material  in  order  to  improve  the  breakdown  voltage  of  GaAs  based 
pseudomorphic  MODFETs  without  deteriorating  other  device  performances.  In 
order  to  proof  the  quality  of  this  approach  we  compare  the  device  performance  of 
the  new  device  with  that  of  a  conventional  AlGaAs/InGaAs  MODFET  also 
having  a  p+-surface  layer.The  device  performances  of  AlGaAs/InGaAs  and 
GalnP/InGaAs  devices  with  1.8pm  gate  length  are,  gmmax=224mS/mm, 
200mS/mm,  IDSmax=300rnA/rnrn,  400mA/mm,  VBrDG  (lG=lmA/mm)  =  10V, 
14V,  fT=15GHz,  12GHz,  fmax=59GHz,  42GHz,  respectively. 


I.  Introduction 

GaAs  based  HFETs  are  key  elements  in  transmitter  and  receiver  components  for 
millimeter  wave  sensor  and  communication  systems.  In  the  past  pseudomorphic 
AlGaAs/InGaAs  MODFETs  have  demonstrated  their  great  potential  as  a 
microwave  and  millimeter-wave  device  for  high  gain  and  low  noise  applications. 
To  further  optimize  the  transmitter  modules,  the  output  power  should  be 
increased,  which  necessitates  the  improvement  of  the  power  performance  of  the 
present  MODFET  devices.  In  order  to  improve  the  power  performance  of  a 
MODFET  both,  the  current  driveability  and  the  breakdown  voltage  have  to  be 
increased.  The  well  known  approaches  to  improve  the  breakdown  voltage  in 


0-7803-0894-8/93  $3.00  ©  1993  IEEE 


VII-6 


529 


conventional  AlGaAs/InGaAs  MODFETs  without  deteriorating  the  high  speed 
performance  was  to  use  the  double-recess  approach  [1],  or  to  use  high  bandgap 
insulator  AlGaAs  layers  [2]. 

In  this  paper  we  report  about  the  combination  of  two  approaches  to  further 
improve  the  breakdown  voltage  of  GaAs  based  MODFETs  using  an  InGaAs 
channel  layer.  One  approach  follows  the  basic  idea,  that  the  breakdown  voltage 
of  a  MODFET  device  can  be  improved  by  putting  a  thin  layer  of  material  with  a 
high  breakdown  field  under  the  gate.  According  to  this  idea  we  use  very  thin 
highly  p-doped  surface  layers  under  the  gate  as  first  proposed  in  [3,4].  The 
second  approach  is  to  substitute  AlGaAs  by  a  different  suitable  wide  bandgap 
material.  Considering  the  bandgap,  lattice  constant  and  cross  over  point  from  a 
direct  to  indirect  semiconductor,  GaxIn|.xP  seems  to  be  a  well  suitable  material. 
In  order  to  compare  the  effectiveness  of  a  combined  application  of  both 
approaches  on  a  MODFET,  in  this  paper  we  compare  the  device  performance  of 
a  conventional  AlGaAs/InGaAs  MODFET  with  that  of  a  GalnP/InGaAs 
MODFET  both  having  a  very  thin  p+-surface  layer. 


II.  Material  growth  and  device  layer  structure 

The  Alo.25Gao.75As/Ino.i5Gao. 85  As  layer  structure  was  grown  by  conventional 
molecular  beam  epitaxy  (MBE)  in  a  varian  Gen  II  system  on  a  semi  insulating 
(100)  GaAs  substrate.  Silicon  is  used  for  n-doping  and  berillium  is  used  for  p- 
doping.  Starting  from  the  substrate  the  layer  structure  is  as  follows  (see  Fig.l): 
lOOnm  GaAs  buffer,  a  10  period  superlattice  (2nm/2nm)  AlAs/GaAs  as  an 
impurity  filter,  500nm  GaAs  buffer  in  order  to  smoothen  the  growth  front,  15nm 
In0.i5Gao.85As  channel  layer,  3nm  GaAs  pre-spacer  in  order  to  improve  the 
interface  quality  between  the  two  ternary  alloys  InGaAs  and  AlGaAs,  a  2nm 
Alo.25Gao.75 As  spacer,  a  15nm  thick  homogeniously  doped  AlQ.25Gao .75 As 
layer  doped  to  Nj)=5xl0^cm‘3  followed  by  a  15nm  thick  homogeniously  doped 
AlxGai_xAs  layer  doped  to  Np)=5xlOl8cnr3  (x=0  at  the  cap  layer).  The  layer 
structure  is  completed  with  a  lOnm  thick  GaAs  p+-layer  which  is  doped  to 
N^=5xl0^cm'3  .  The  grading  in  the  barrier  layer  was  introduced  in  order  to 
enable  the  fabrication  of  low  resistive  ohmic  contacts  and  to  suppress  the 
heterojunction  in  the  access  regions,  which  contributes  to  lower  source-  and 
drain-resistances.  The  p-doping  concentration  was  used  so  that  the  surface  layer 
just  modifies  the  surface  potential  distribution  around  the  gate  electrode  and  not 
to  change  dramatically  the  Schottky-Barrier  height.  The  basic  idea  that  lies 
behind  is  to  generate  a  quasi  surface  depleted  field  distribution  around  the  gate 
electrode  as  utilized  with  the  surface  depleted  cap  layer  concept  in 
InAlAs/InGaAs  MODFETs  [5]. 
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Fig.l:  Layer  structure  of  the  a)  Gag  5^9  5P/Ino.i5Gao  85AS  , 
b)  Alo.25Gao.75As/Ino.15Gao.  85  As  MODFET 

From  Shubnikov  de  Haas  (SdH)  measurements  a  2DEG  sheet  carrier 

concentration  of  ns=  1.5xl012cnr2  was  determined  on  comparable  test 
structures. 

The  Gao.5Ino.5P/Ino.i5Gao  85 As  MODFET  layer  structure  was  grown  by  low 
pressure  metal  organic  chemical  vapour  deposition  (MOCVD)  on  a  semi- 
insulating  (100)  GaAs  substrate.  More  details  about  the  growth  procedure  is 
given  in  [6]. 

From  Shubnikov  de  Haas  (SdH)  measurements  a  2DEG  sheet  carrier 

concentration  of  ns=  1.25xl012cnr2  was  determined  for  this  layer  structure, 
proofing  the  high  quality  of  the  sample  and  the  fact  that  a  reasonable  2DEG 
concentration  can  be  generated  in  such  a  layer  structure. 

III.  Device  Fabrication 

The  sequence  of  the  fabrication  process  is  shown  in  Fig.2  and  is  as  follows  : 

The  first  step  in  course  of  the  process  sequence  is  the  fabrication  of  the  T-gate. 
For  the  fabrication  of  the  T-gate  structure  as  well  as  for  the  ohmic  contacts,  we 
use  multi  layer  sequences  consisting  of  Az-resists  and  germanium  intermediate 
layers.  For  the  T-gate  structure  we  use  a  five  layer  sequence  where  for  this  work 
the  gate  length  is  defined  into  the  top  Az-resist  via  optical  contact  lithography. 
The  generation  of  submicron  gates  using  this  process  is  in  principle  also  possible. 
This  generated  pattern  is  then  transferred  into  the  subsequent  layers  by  exploiting 
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The  gate  metalization  is  Ti/Pt/Au  (15nm/30nm/600nm).  One  important  advantage 
of  the  p+-layer  approach  is,  that  there  is  no  need  for  a  gate  recessing,  since  the 
effective  distance  between  the  gate  and  the  center  of  the  2DEG  concentration 
(deff)  is  adjusted  by  epitaxy  during  the  growth  making  device  processing  more 
comfortable.  The  next  step  is  device  isolation.  In  order  to  isolate  the  gate 
bondpad  from  the  active  FET  area  in  order  to  minimize  the  parasitic  contribution 
of  the  gate  pad  capacitance  to  the  total  gate-source  capacitance  and  to  avoid  a 
cross  contacting  of  the  p-n  junction  which  would  cause  a  large  gate  leakage 
current,  a  double-mesa  approach  is  used  as  first  described  in  [8].  With  this 
approach  an  air  gap  is  created  under  the  link  between  the  bondpad  and  the  active 
gate.  For  the  etching  of  GaAs  a  standard  H2S04:H202:H20  etchant  and  for  the 
GalnP  layer  an  HCL:H3P04  etchant  is  used. 

Subsequent  to  this,  ohmic  contact  fabrication  is  done.  The  inherent  disadvantage 
of  the  p+-approach  is  that  it  gives  only  minor  space  to  take  steps  to  reduce  the 
parasitic  source  and  drain  resistances.  Hence,  in  order  to  minimize  the  total 
access  resistance  the  T-bar  of  the  gate  is  used  to  self-align  the  ohmic  contacts. 
Prior  the  deposition  of  the  Ge/Ni/Au  ohmic  metalization  the  entire  p+-GaAs  layer 
is  removed.  Doing  so  allows  the  deposition  of  the  metal  directly  on  highly  n- 
doped  GaAs.  The  undercut  of  the  T-bar  with  respect  to  the  gate  foot  print 
represents  the  gate- source/drain  distance  and  is  adjusted  to  be  0.3pm.  The  total 
source-drain  distance  is  LSD=2.4pm. 


IV.  Device  Performance 
DC-Performance: 

The  typical  IV-characteristic  of  both  types  of  MODFETs  is  shown  in  Fig.3.  The 
maximum  positive  gate  voltage  is  defined  by  the  onset  of  gate  leakage  current 
and  is  VGStop=°-87V’  1  v  for  the  MODFET  with  the  AlGaAs  and  GalnP  barrier 
layers,  respectively.  In  both  cases  the  devices  show  good  pinch-off  and  saturation 
behaviour  which  is  advantageous  for  power  gain  and  output-power  operation. 
With  values  of  gcj<5mS/mm  in  both  cases  the  output  conductance  is  extremely 
small  and  is  mainly  caused  by  the  large  aspect  ratio  (L(~}/deff)  in  these  devices. 
The  device  performances  of  AlGaAs/InGaAs  and  GalnP/InGaAs  devices  with 
1.8pm  gate  length  are,  gmrnax=224mS/mm,  200mS/mm,  IDSmax=315mA/mm, 
400mA/mm  and  VBrDG  (IG=lmA/mm)  =  10V,  14V,  respectively.  Comparing  the 
DC-results  of  the  two  different  devices  it  becomes  obvious,  that  the 
transconductances  are  about  the  same  while  the  saturation  current  is  slightly 
higher  in  the  case  of  the  GalnP  device.  However,  the  most  distinct  difference  can 
be  observed  for  the  breakdown  voltage.  The  gate-drain  breakdown  voltage  is 
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about  4V  higher  in  the  case  of  the  GalnP  device  supporting  the  assumption  of 
GalnP  being  an  attractive  substitute  for  AlGaAs  for  GaAs  based  pseudomorphic 
power  MODFETs  (compare  Fig.4).  The  most  dramatic  difference  is  observed  in 
the  drain-source  burn-out  voltage.  The  maximum  values  for  the  AlGaAs  devices 
were  measured  to  be  around  12  V  while  for  the  GalnP  devices  burn-out  voltages 
in  excess  of  20V  were  measured,  [6]. 


a)  b) 

Fig.3:  Typical  IV-characteristic  of  a  a)  Gao.5Ino.5P/  Ino.i5Gao.85 As  MODFET. 
LGxWG=1.8|xmx30pm.  VGStop=10v>  b>Ak).25G£K).75As/ In0.15Ga0.85As 
MODFET.  LGxWG=1.8pmx35pm.  VGStop=°-87V 


a)  b) 

Fig.4:  Typical  gate-drain  IV-characteristic  of  a  a)Gao.5lno.5P/  Ino.15Gao.85 As 

MODFET,  b)Alo.25Gao.75As/Ino.i5Gao.85As  MODFET. 


Performance# 

Microwave  characterization  was  performed  from  0.45-26.5  GHz  using  an  on 
wafer  Cascade  Microtech  probe  station  and  an  HP8510  network  analyzer.  The 
cut-off  frequencies  W  fT  were  determined  by  extrapolating  the  maximum 
available  gain  (MAG)  and  the  current  gain  ( I  h2i  1 2)  with  a  -20dB/decade  roll 
off.  In  order  to  minimize  the  amount  of  parasite  charge  that  is  modulated  and  in 
order  to  reduce  the  gate  resistance,  we  use  in  this  work  the  concept  of  a  very  thin 
^-surface  layer  with  a  low  resistive  Ti/Pt/Au  T-gate  electrode  instead  ofusmga 
gate  electrode  being  formed  by  a  thick  p+-layer  as  commonly  used  for  JFET  s, 

For  devices  with  a  gate  geometry  of  LgxWg=1  .8pmx80nm  (2x40pm)  the  cut¬ 
off  frequencies  were  determined  to  be  fx=15GHz,  12GHz  and  fmax-59G  z, 
42GHz  for  the  AlGaAs  and  GalnP  device,  respectively.  The  high  ratios  ot 
fmav/fr  >3  can  be  explained  by  relatively  high  ratios  of  CgS/MjD>1u  an 
gm/«H>20  (best  values).  These  unusally  high  ratios  for  single-heterojunction 
MODFETs  can  be  explained  by  the  combination  of  two  effects.  First,  the  large 
gate-length  leads  to  naturally  high  aspect  ratios  resulting  in  excellent  small 
output  conductance.  Second,  the  layer  structure  used  for  the  p  -surface  layer 
approach  is  designed  to  reduce  the  peak  electric  field  at  the  drain  side  edge  of  the 
gate-electrode,  thus  allowing  the  depletion  region  to  extend  towards  the  dram 
with  increased  drain  bias.  This  results  in  a  decrease  of  Cgd  with  increased  drain 
bias  [5]  For  a  more  detailed  device  characterization,  the  S-parameters  were 
measured  as  a  function  of  gate-source  and  drain-source  bias,  while  the  drain- 
source  current  was  measured.  From  bias  dependent  measurements  we  found,  that 
fmax  started  to  saturate  at  around  VdS=  3-5V>  L6V  and  remained  nearly 
unchanged  up  to  7V  for  the  GalnP  device  and  5V  for  the  AlGaAs  device 
reflecting  the  higher  breakdown  voltages  of  the  GalnP  device.  Fig.5  and  lg. 
show  the  current  gain  cut-off  frequency  as  a  function  of  the  measured  dram- 
source  saturation  current.  As  can  be  seen,  the  GalnP  device  shows  a  clear  distinct 
maximum  of  fx=12GHz  for  a  value  of  Ii>s=140mA/mm,  while  the  AlGaAs 
device  shows  a  broad  plateau  over  Ids  with  a  maximum  value  of  fT-15GHz  or 
a  value  of  lDS=1°0mA/mm.  This  behaviour  reflects  the  measured  DC  results, 
where  the  GalnP  device  showed  the  slightly  higher  saturation  current  but  lower 
transconductance.  The  wider  plateau  for  the  AlGaAs  device  can  be  explamed 
with  the  different  modulation  efficencies  of  the  different  devices  [9].  The  slightly 
higher  2DEG  concentration  of  the  AlGaAs  compared  to  that  of  the  GalnP  device 
allows  it  to  operate  more  efficiently  at  medium  and  high  current  levels.  This 
finally  yields  to  the  observed  higher  value  of  fx  and  the  broader  plateau  over 
IDc. 

A  comparison  of  the  performance  of  both  devices  shows,  that  the  GalnP  device 
results  in  similar  high  speed  performance,  but  shows  a  much  higher  breakdown 
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voltage  and  thus  a  better  behaviour  at  high  voltage  operation  as  the  AlGaAs 
device,  which  makes  the  GalnP  device  an  attractive  candidate  for  power 
application  up  into  the  millimeter-wave  range. 


Fig.5:  Current  gain  cut-off  frequency  of  the  Alo.25Gao.75As/  Ino.lsGaQ  85AS 
MODFET  as  a  function  of  VdS-  L(3xWG=1.8pmx80pm. 

Vffi  (V)  * 

— 0 

3.13* 

-©3.9^ 


Fig.6:  Current  gain  cut-off  frequency  of  the  GaQ  5lno  5P/  Ino .15GaQ  85As 
MODFET  as  a  function  of  Yps-  LqxWg=1  .8pmx80pm. 
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VyUUUUOiuii  r  A.  A  A 

In  conclusion  we  have  compared  the  device  performance  of  standard 

Ain  25Gan  75As/Ino  l5Gao.85As  and  Gao.5Ino.5P/InO.i5GaO.85As  M<?Du  Ts 
with  a  p+- surface  layer.  In  order  to  reduce  parasitic  gate  resistance  and  charge 
modulation,  we  used  surface  depleted  p+-layers.  From  our  investigation  we  found 
that  the  GalnP  devices  showed  similar  high  speed  performance  but  better 
breakdown  voltages.  This  distinct  advantage  over  AlGaAs  devices  makes  the 
Gao.5ln0.5P/Ino.l5Gao.85As  MODFETs  an  attractive  candidate  for  power 
application. 
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ABSTRACT 


Utilizing  a  combination  of  Low-Temperature-Grown  AIq  jGag  jAs  passivation, 
overlapping  gate,  MOCVD  regrown  of  the  source/drain  contacts,  and  isolation  by  boron 
ion  implantation,  we  have  fabricated  a  GaAs  MESFET  with  completely  encapsulated 
channel.  Electrical  characterization  of  the  device  shows  that  the  early  catastrophic  on-state 
breakdown  is  suppressed.  In  contrast  to  the  usually  observed  characteristics  in  GaAs 
MESFET,  the  breakdown  locus  of  the  device  also  has  a  positive  slope.  These 
improvements  should  allow  us  to  bias  the  device  at  a  higher  operating  point,  thereby 
increasing  the  obtainable  maximum  output  power  in  the  device. 


I.  INTRODUCTION 


The  surface  of  the  device  has  been  recognized  as  a  major  source  of  many 
detrimental  effects  on  the  performance  of  GaAs  MESFET.  Various  theoretical  studies  over 
the  years  have  led  to  the  conclusion  that  the  surface  played  a  significant  role  in  the  device 
characteristics[l-3].  In  particular,  the  breakdown  voltage  and  instability  in  the  current- 
voltage  family  of  curves  are  two  surface  related  parameters  that  directly  effect  the  power 
performance  of  a  device.  In  recent  years,  the  surface  of  the  device  in  the  vicinity  of  the  gate 
has  been  indirectly  addressed  by  the  advent  of  the  low-temperature-grown  (LTG) 
passivation  and  overlapping-gate  technology  [4],[5].  Devices  which  utilized  these 
technology  have  demonstrated  dramatic  improvement  in  the  gate-drain  breakdown  voltage, 
which  in  turn  drastically  enhanced  the  power  output  by  the  devices  [4-6].  However,  little 
attention  has  been  paid  to  the  exposed  surfaces  near  the  source  and  drain  regions.  In  this 
work,  we  have  attempted  to  address  this  issue  by  developing  a  technology  to  fabricate 
MESFETs  with  an  encapsulated  channel;  and  from  the  study  of  these  fabricated  devices, 
we  have  gained  a  better  understanding  in  the  role  of  the  surface  in  GaAs  MESFETs. 


II.  DEVICE  DESIGN  AND  FABRICATION 


Figure  1  shows  a  schematic  representation  of  the  epitaxial  structure  of  the  samples 
used  in  this  experiment.  All  the  samples  were  grown  by  a  Varian  Gen  II MBE  system  on 
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semi-insulating  LEC  GaAs  substrate.  Standard  growith  procedure  started  with  a 
smoothing  buffer  layer  of  5000  A  of  undoped  GaAs  grown  at  600  °C,  followed  by  the 
channel;  then  an  arsenic-diffusion-barrier  of  200  A  of  AlAs.  The  substrate  temperature  was 
then  lowered  to  200  °C,  where  2000  A  of  LTG-Alo.3Gao.7As  was  grown.  The  samples 
were  then  annealed  in-situ  at  600  °C  for  10  minutes. 

Preparation  for  selective  regrowth  of  the  source/drain  regions  began  with  a  blanket 
deposition  of  1500  A  of  Si02  by  PECVD  at  250  °C.  The  samples  were  then  patterned  with 
a  source/drain  mask  by  photolithography.  The  Si02  in  the  open  areas  were  removed  using 
reactive  ion  etching  with  plasma  CF4;  followed  by  a  selective  wet  etching  of  the  LTG- 
Alo.3Gao.7As  by  citric  acid.  Then  the  AlAs  was  etched  in  diluted  HF,  and  finally  citric  acid 
was  used  to  etch  about  300  A  into  the  GaAs  channel  layer.  n++  GaAs  was  regrown  in  the 
open  areas  using  MOCVD  at  550  °C.  After  the  MOCVD  regrowth  of  the  source/drain 
regions,  the  samples  were  patterned  for  isolation  by  multiple  boron  ion  implantation. 
Subsequent  standard  processing  steps  to  define  the  ohmic  and  gate  metals  have  been 
reported  elsewhere  [6]. 


III.  RESULT  AND  DISCUSSION 


Figure  2  shows  the  characteristics  of  a  device  without  complete  encapsulation  of  the 
channel,  the  device  has  a  gate-drain  breakdown  voltage  of  about  29  V.  However,  as 
shown  in  the  drain  current-voltage  family  of  curves,  the  device  has  a  catastrophic 
breakdown  at  VDS  =  17.5  V  and  VGS  =  0.5  V;  therefore  this  is  an  inherent  limitation  of  the 
voltage  swing  of  the  device  for  power  performance.  Continuous  wave  on- wafer 
measurement  of  the  power  of  the  device  at  4  GHz  is  shown  in  Figure  3;  the  device 
delivered  620  mW/mm  with  a  power- added-efficiency  of  30  %. 

In  comparison,  the  preliminary  device  characteristics  of  a  GaAs  MESFET  with  an 
encapsulated  channel  is  shown  in  Figure  4.  Although  the  gate-drain  breakdown  voltage  of 
this  device  is  only  1 1  V;  we  were  able  to  bias  the  device  up  to  Vds  =  7  V  and  VGs  =  -2  V 
for  power  measurement.  From  the  drain  current-voltage  characteristics,  we  also  observed 
that  the  device  breakdown  locus  shows  a  definite  positive  slope.  The  device  outputs  520 
mW/mm  with  a  PAE  of  18  %  at  4  GHz  (Figure  6).  Although  the  maximum  output  power 
of  this  device  is  lower  than  that  of  the  above  device,  the  limitation  is  due  to  the  lower  gate- 
drain  breakdown  voltage  not  the  catastrophic  breakdown.  Therefore,  we  believed  that  we 
should  be  able  to  improve  the  power  performance  of  the  device  by  just  improving  the  gate- 
drain  breakdown  voltage. 

On  another  sample  with  higher  gate -drain  breakdown  voltage  (20  V),  Figure  5;  we 
again  noticed  that  the  catastrophic  on-state  breakdown  is  suppressed.  The  device  also 
displays  a  positive  slope  of  the  breakdown  locus.  The  regrowth  contact  resistance  obtained 
from  the  TLM  measurement  is  0.7-0. 8  O-mm.  However,  it  should  be  noted  that  this 
quoted  resistance  included  the  resistance  of  the  regrown  layer  along  with  the  interfacial 
resistance. 
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We  have  proposed  a  technology  for  the  fabrication  of  a  GaAs  MESFET  with  a 
completely  encapsulated  channel.  Electrical  characterization  of  these  devices  show  that  the 
catastrophic  on-state  breakdown  voltage  is  suppressed,  and  the  breakdown  locus  of  the 
devices  displays  a  positive  slope.  These  DC  characteristics  allow  the  device  to  be  biased  at 
a  higher  operating  point,  thereby  increasing  the  power  obtainable  from  the  device. 
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Figure  1 :  MBE  epitaxial  structure  and  growth  conditions 


542 


VI 1-7 


Figure  2  :  DC  characteristics  of  the  device  without  complete  encapsulation  of  the  channel 
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Bias  Point  :  V  =  10  V;  V  =  -2.5  V 
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Figure  3  :  Power  performance  of  a  GaAs  MESFET  without  complete  encapsulation  of  the 

channel  at  4  GHz 
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Abstract 

We  present  a  technology  to  increase  both  the  two-terminal  gate-drain  breakdown 
and  subsequently  the  three-terminal-off-state  breakdown  of  AlInAs-GalnAs  HEMTs  to 
record  values  without  substantial  impact  on  other  parameters  such  as  Idss  and  gm.  The 
breakdown  in  these  structures  is  dependent  on  the  injection  of  electrons  from  the  source 
(channel  current)  and  the  gate  (gate  leakage)  into  the  channel  where  multiplication  occurs 
(due  to  high  electric  fields  at  the  drain)  producing  holes  which  are  swept  back  into  the 
gate  and  source  electrodes. 

These  phenomena  can  be  suppressed  by  increasing  the  gate  barrier  height  and 
alleviating  the  fields  at  the  drain.  In  our  approach  we  have  achieved  both  by 
incorporating  a  p+  -  2DEG  junction  as  the  gate  which  modulates  the  2DEG  gas  and  by 
utilizing  selective  regrowth  of  the  source  and  drain  regions  by  MOCVD.  The  lpm  gate 
length  devices  fabricated  show  a  full  channel  current  of  350  mA/mm,  transconductance 
of  240  mS/mm  and  record  high  two-terminal  gate-drain  and  three-terminal-off-state 
breakdown  voltages  of  31V  and  28V,  respectively.  The  gate-to-drain  spacing  is  1pm  and 
the  breakdown  is  defined  at  ImA/mm  gate  leakage.  Further,  temperature  measurements 
were  made  to  characterize  both  two-terminal  and  three-terminal-on-state  breakdown.  The 
gate  current  behavior  is  presented  along  with  a  calculated  ionization  rate  which  is 
compared  with  rates  previously  reported. 


I.  Introduction 

AlInAs/GalnAs  High  Electron  Mobility  Transistors  (HEMTs)  have  shown 
excellent  high  frequency  and  low  noise  performance  [1].  However,  the  power 
performance  of  the  AlInAs/GalnAs  channel  HEMT  has  yet  to  be  exploited  [2].  The 
reason  attributed  is  a  combination  of  the  lower  breakdown  voltage  in  the  InGaAs  channel 
and  the  weak  Schottky-barrier  height  on  AlInAs.  On  the  other  hand,  the  high  current 
densities  (due  to  the  large  sheet  charge  density)  available  in  the  AlInAs/GalnAs  system 
make  it  attractive  for  millimeter-wave  power.  Therefore,  to  optimize  the  power 
performance  of  the  AlInAs/GalnAs  HEMT,  the  gate  barrier  height  and  the  breakdown 
voltage  must  be  improved  without  sacrificing  the  current  density. 
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The  breakdown  in  GalnAs  channel  HEMTS  is  determined  by  the  multiplication  of 
electrons  injected  into  the  channel  from  both  the  source  and  gate  electrodes. 
Furthermore,  holes  are  generated  and  swept  back  into  the  gate  and  source  electrodes.  The 
injection  of  electrons  from  the  source  is  determined  by  the  source  current  whereas  the 
injection  from  the  gate  is  determined  by  the  gate  barrier.  The  multiplication  is 
determined  by  the  electric  field  at  the  drain.  A  schematic  of  the  breakdown  in  GalnAs 
channel  HEMTs  is  shown  in  figure  1.  Thus,  for  a  given  source  current  the  breakdown 
should  increase  if  the  gate  barrier  is  increased  and  the  electric  field  at  the  drain  is 
reduced. 

We  present  a  technology  which  improves  the  gate  barrier  height  by  incorporating 
a  junction  between  a  surface  p+  layer  and  the  2DEG  as  the  gate  electrode.  In  addition, 
the  drain  fields  are  reduced  by  forming  stable  non-alloyed  contacts  to  the  2DEG  using 
selective  regrowth  of  the  source  and  drain  regions  by  MOCVD.  As  a  result,  the  two- 
terminal  gate-drain  and  subsequently  three-terminal-off-state  breakdown  voltage  (for  a 
l|im  gate-drain  spacing)  have  increased  to  record  values  of  31V  and  28.8  V,  respectively. 
This  is  a  substantial  increase  in  breakdown  over  devices  previously  reported  [3]. 

In  addition,  the  three-terminal  on-state  breakdown  of  JHEMTs  with  regrown 
ohmic  contacts  has  improved  over  similar  JHEMTs  with  standard  alloyed  ohmic  contacts. 
In  an  attempt  to  characterize  three-terminal  on-state  breakdown,  we  have  measured  an 
ionization  rate  in  a  JHEMT  with  regrown  ohmic  contacts.  This  rate  is  compared  with 
previous  reported  data. 


II.  MOCVD  REGROWTH 


Growth  of  the  lattice  matched  n-InGaAs  contact  layer  was  achieved  by  low  pressure 
metal-organic  chemical  vapor  deposition  (MOCVD).  The  sources  were  trimethylindium 
(TMI),  trimethylgallium  (TMG),  tertiarybutyl arsine  (TBA)  and  disilane  (150ppm  in 
hydrogen)  for  the  n-type  source.  The  liquid  organometallic  group  V  source,  TBA  was 
purchased  from  Air  Products  and  Chemicals,  Inc.  Bubbler  temperatures  were  kept  at 
5°C,  -10°C  and  20°C  for  the  TBA,  TMGa,  and  TMIn  sources,  respectively.  To  eliminate 
organometallic  vapor  condensation  all  the  source  lines  are  resistively  heated  from  the 
output  of  the  bubblers  to  the  injection  manifold.  The  reactor  employs  two  separate 
injection  manifolds  to  keep  group-V  and  group-III  sources  separate  until  they  are  mixed 
immediately  upstream  from  the  susceptor.  This  design  was  implemented  to  avoid  any 
pre-reactions  that  might  occur  between  the  group-III  alkyls  and  the  organometallic  group- 
V  sources. 

Before  regrowing  the  contact  layers,  optimization  of  the  bulk  InGaAs  doping 
characteristics  with  TBA  and  disilane  was  undertaken.  A  150  ppm  disilane  in  hydrogen 
mixture  is  used  for  n-doping  of  InGaAs.  Linear  doping  behavior  is  observed  for  both  InP 
and  Ino  53Gao47As  epilayers  over  a  wide  range  of  conditions.  Figure  2  shows  a  plot  of 
flow-rate  of  the  disilane/hydrogen  mixture  versus  carrier  concentration  at  room 
temperature.  Note  that  a  relatively  high  n-doping  saturation  of  5(10)19cnr3  in  the  InP  is 
achieved  when  using  TBP.  For  the  n-InGaAs  regrown  contact  layer  a  doping  level  ot 
2(10)18cnr3  was  employed.  The  best  undoped  Ino.53Ga0.47As  epilayers  had  77K 
mobilities  of  5 9, 000cm2 /V-s  and  unintentional  background  impurity  level  of  5.5(10)15. 
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At  a  growth  temperature  of  600°C  and  reactor  pressure  of  100  Torr  no  deposition 
was  observed  on  the  oxide  mask.  The  sample  was  initially  heated  up  to  650°C  for  3 
minutes  to  remove  the  native  oxide  layer  and  produce  specular  morphology  regrowth. 
Complete  selectivity  of  the  regrown  InGaAs  was  obtained  because  of  the  increased 
diffusivity  of  the  column  III  species  at  100  Torr.  Theo  growth  rate  for  regrown  InGaAs 
epilayers  in  the  device  structure  was  approximately  1 1  A/sec.  This  results  in  a  V/III  ratio 
of  22  which  ensures  specular  surface  morphology  at  100  Torr.  A  total  gas  flowrate  of  5.5 
slpm  was  found  to  yield  a  uniform  film  deposition  in  our  system.  After  regrowth  the 
sample  was  etched  in  concentrated  BOE  to  remove  the  Si02  mask. 


III.  Fabrication 

The  AlInAs-GalnAs  junction  modulated  HEMT  (JHEMT)  structures  studied  are 
shown  in  figure  3.  The  original  epilayer  structure  was  grown  by  Gas  Source  MBE.  The 
electron  mobility  was  7800  and  38,000  cm2/Vs  at  300K  and  77K,  respectively.  Nextjhe 
wafer  was  cleaved  into  two  samples.  Sample  A  was  cleaned  and  coated  with  1000A  of 
PECVD  SiC>2,  then  patterned  with  the  source-drain  mask.  Next,  the  patterned  SiC>2  was 
etched  back  in  CF^plasma.  The  sample  was  then  wet  chemically  etched  down  to  the 
channel,  within  100A  of  the  buffer  as  shown  in  figure  3a.  Before  loading  in  the  MOCVD 
reactor,  the  sample  was  dipped  into  a  dilute  BOE  etch.  InGaAs  (n=6xl018  cm'3)  was 
regrown  as  discussed  in  the  previous  section. 

o  Device  processing  of  both  samples  started  with  gate  metalization  (Ta/Au, 
200 A/2300 A)  and  lift-off  to  define  a  l-(tm-long  gate.  Next,  the  gate  metal  was  used  as 
the  mask  for  dry  etching  (CHLpE^Ar)  through  both  the  p+  InGaAs  and  the  p+  AlInAs. 
The  source-draino  mask  was  then  re-aligned  and  standard  AuGe/Ni/Au 
(1000A/200A/1000A)  ohmic  contacts  were  evaporated.  Following  the  lift-off,  the 
samples  were  patterned  for  mesa  isolation.  The  isolation  etch  was  done  using  RIE  with 
chlorine.  The  standard  JHEMT  wafer,  sample  B,  was  alloyed  on  a  strip  heater  at  370°  C 
for  3  seconds  (now  called  sample  B-370).  Sample  A  was  cleaved  and  one  piece  alloyed 
at  350°  C  for  3  seconds  (sample  A-350)  while  the  other  piece  was  left  non-alloyed 
(sample  A-0). 


IV.  DC  and  RF  Results 


The  I-V  characteristics  of  1-p.m  x  150-p.m  devices  from  both  sample  A-0  and 
sample  B-370  were  similar  at  low  drain  voltages.  The  devices  produced  good  pinch-off 
characteristics  and  similar  transconductance  and  current  density.  For  sample  A-0,  with 
regrown  ohmic  contact  regions,  the  specific  contact  resistance  and  channel  sheet 
resistance  were  measured  to  be  0.43  O-mm  and  300  ohms  per  square,  respectively. 
Sample  B-370  had  a  specific  contact  resistance  of  0.53  £2-mm  with  a  channel  sheet 
resistance  of  334  ohms  per  square.  Thus,  the  source  resistance  for  sample  A-0  and 
sample  B-370  were  similar  and  calculated  to  be  0.73  Q-mm  and  0.86  £2-mm, 
respectively.  In  addition,  the  s-parameters  were  measured  for  sample  A-0  yielding  values 
of  ft  and  fmax  of  22  GHz  and  75  GHz,  respectively,  which  are  typical  values  of  HEMTs 
with  gate  length  of  1p.m.  A  gate  and  drain  bias  dependence  of  both  ft  and  fmax  was 
previously  reported  [4], 
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V. 


Breakdown 


The  main  advantage  of  sample  A-0  is  the  uniform  non-alloyed  ohmic  contacts 
which  we  believe  contributed  to  the  higher  breakdown  voltages  achieved.  The  two- 
terminal  gate-drain  diode  characteristics  of  the  devices  discussed  above  are  presented  in 
figure  4.  The  two-terminal  gate-drain  breakdown  voltage  of  sample  A-0  is  approximately 
31V,  which  is  40%  higher  than  the  22V  breakdown  measured  for  sample  B-370.  The 
two-terminal  gate-drain  breakdown  of  sample  A-350  was  20%  lower  than  sample  A-0  but 
was  still  better  than  the  gate-drain  breakdown  of  any  device  from  sample  B-370.  This 
illustrates  the  importance  of  (i)  relieving  the  field  at  the  drain  by  increasing  the  doping  in 
drain  region  and  (ii)  creating  smooth  contacts. 

The  most  important  breakdown  voltage  for  RF  power  amplification  is  the  three 
terminal  breakdown  voltage.  The  three-terminal-off-state  breakdown  voltage  is  defined 
as  the  drain  voltage,  Vds,  at  which  the  gate  current,  Ig,  is  1  mA/mm  under  pinch-off 
conditions.  The  three-terminal-off-state  breakdown  voltage  of  a  typical  device  from 
sample  A-0  was  28V  and  is  shown  in  figure  5.  The  difference  between  the  two-terminal 
gate-drain  breakdown  voltage,  Vgd(BV)>  an^  the  three-terminal  off-state  breakdown 
voltage,  Vds(BV)>  is  the  pinch-off  voltage  of  the  device.  This  indicates  that  the  three- 
terminal  off-state  breakdown  is  dominated  by  the  same  mechanism  as  the  two  terminal 
gate-drain  breakdown. 

In  addition,  the  three-terminal-on-state  breakdown  voltage  characteristic  for  both 
sample  A-0  and  sample  B-370  is  shown  in  figure  6.  The  drain  current  was  approximately 
Idss/2.  The  catastrophic  three-terminal  on-state  breakdown  voltage  occurs  at  4V  for 
sample  B-370  and  increased  to  7V  for  sample  A-0.  Further,  we  measured  the  ionization 
rate  similar  to  recent  measurements  made  on  AlGaAs/GaAs  HEMTs  [5].  An  effective 
ionization  length,  L  ,  of  0.8  \im  is  chosen  and  the  measured  ionization  rate  is  plotted  in 
figure  7.  Also  plotted  in  figure  7  are  calculated  ionization  rates  derived  from  monte  carlo 
simulations  [6]  and  ionization  rates  measured  on  photodiodes  [7]. 


VI.  Conclusion 


The  breakdown  of  a  new  type  of  junction  modulated  AlInAs-GalnAs  HEMT 
(JHEMT)  which  utilizes  ohmic  contact  regrowth  to  increase  both  two-terminal 
breakdown  and  three-terminal  breakdown  has  been  characterized.  Since  the  increase  in 
breakdown  voltage  occurs  without  sacrificing  the  current  density,  this  technology  is 
attractive  for  the  fabrication  of  power  devices.  These  experimental  results  indicate  that 
the  source  current  is  instrumental  in  determining  the  three-terminal  on-state  breakdown 
voltage  whereas  the  three-terminal  off-state  breakdown  voltage  is  dominated  by  the  same 
mechanism  observed  in  the  two-terminal  gate-drain  breakdown  characteristics.  In 
conclusion,  these  results  illustrate  the  important  role  of  both  the  gate  barrier  and  contact 
uniformity  in  determining  the  breakdown  voltage  of  InGaAs  channel  HEMTs. 
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Disilane  (150ppm)  Flow-rate  (seem) 


Figure  2.  Free  carrier  concentration  as  a  function  of  disilane  effective  flow-rate  at 
various  InP  and  InGaAs  growth  rates  and  growth  temperatures. 
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Figure  3.  JHEMT  Structures  Fabricated:  (a)  Sample  A-0  and  (b)  Sample  B-370 
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Figure  4.  JHEMT  Two-Terminal  Gate-Drain  Breakdown  for  both  Sample  A-0  and 

Sample  B-370. 
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Figure  7.  Calculated  Ionization  Rates  measured  from  JHEMTs  with  regrown  ohmic 
contacts  (Sample  A-0).  Comparison  is  made  to  values  published 
by  references  [6]  and  [71. 


